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Solid oxide fuel cells (SOFCs) are promising energy conversion systems because they can
directly convert chemical energy of fuels into electrical energy in a highly-ecient manner.
SOFCs are operated in relatively higher temperature compared with other types of fuel cells
such as polymer electrolyte fuel cells (PEFCs) because commonly-used ceramic electrolyte
shows sucient ionic conductivity at more than about 600 C. Such high operating temper-
ature provides both advantages and disadvantages to the SOFCs. The main advantage is
that they don't require precious catalyst such as platinum to enhance the electrochemical
reaction in the electrodes, which can signicantly reduce the production cost and give them
strong competitiveness in the renewable energy market. Moreover, they can eectively use
surplus heat generated from the system for combined heat and power (CHP) system and
hydrogen production by steam reforming of various hydrocarbon fuels, which contribute to
enhancing the total energy eciency of the system. On the other hand, high temperature
challenges a selection of the materials used in the system; conventional metal-based materials
are not usually applicable. In addition, dierence in heat expansion coecients among the
materials can distort the cell conguration, lowering the reliability of the system.
Through the decades of research and development assisted by Japanese government,
SOFC systems nally appeared in the market in the last couple of years. In October 2011, JX
Nippon Oil & Energy Co. produced a household-use SOFC system with a 700W stack module
fueled by LP gas or city gas [1]. The total energy eciency of 87% (LHV) was achieved with
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the inclusion of the electricity generation eciency of 45%. In April 2012, Osaka Gas Co.
also produced a similar system with 700W SOFC module [2]. The total energy eciency
reaches to 90% (LHV) with the electricity generation eciency of 46.5%. However, for
the full-scale introduction of the SOFC systems to the renewable energy market, there still
remains several issues to be overcome, such as the reduction of the initial purchasing cost
and the guarantee of the long-term reliability.
Electrodes are the core components of SOFC systems and determine a great part of the
system eciency and reliability. They consist of porous materials, which often contain three
phases: electron-conductive phase, oxide-ion conductive phase, and the pore phase for gas
diusion. The electrochemical reaction inside the electrodes is considered to occur around
the three-phase boundary (TPB), which is the facing point of the three phases. Therefore,
the electrodes are expected to contain as much TPB as possible to provide abundant electro-
chemical reaction site. At the same time, for the sucient transport of chemical species to
and from the TPB, contiguous pathways of the three phases need to be secured; the lack of
any one of these pathways results in making the TPB inactive. Therefore, the microstructure
of the porous electrodes has a critical impact on the performance of the electrodes.
Numerous researches have been conducted to optimize the electrode structure at nano- to
meso-scale order. For example, optimization of the solid-phase compositions and the particle
diameters are of great interest for achieving higher TPB density and better connectivity
[3{5], which can be regarded as an optimization at a micro-scale order. At a nano-scale
order, recent development of the impregnation technique has made it possible to introduce
nanoparticles into the electrode structure, which can drastically increase the reaction site
in the electrodes [6]. Meso-scale structure control such as the introduction of corrugated
structures on the electrode-electrolyte interface is also employed to increase the volumetric
current generation [7].
In addition, performance degradation, which is a signicant barrier to the commercializa-
tion of the SOFCs, is often attributed to the morphologic changes in the porous structure,
such as sintering/coarsening [8{10] and redox of metal catalysts [11{14], steam-anode in-
teractions [15], deactivation of metal catalysts by impurities such as chromium and surfer
[16, 17], and carbon deposition when hydrocarbon fuels are supplied [18{20]. Therefore,
various degradation phenomena associated with the microstructural changes need to be con-
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sidered in the attempt to optimize the porous electrodes.
Historically, the insights on the electrode microstructure had been bound to rely on
two-dimensional cross-sectional microscope techniques such as scanning electron microscopy
(SEM) and transparent electron microscopy (TEM). The obtained information was highly
important for the microstructural optimization; however, it is essentially impossible to ob-
tain three-dimensional information of the complex porous structure, such as connectivity of
the porous components and the distribution of the TPB lines. Although there are several
theories to predict the three-dimensional conguration of the porous structure from the two-
dimensional images, such as those based on the concept of contiguity [21{23], they require
assumptions for structural conguration; and hence, cannot precisely predict the three-
dimensional conguration of the porous components. Consequently, any analysis based on
such models inevitably includes some extent of uncertainty associated with the structure
model.
Recently, development of state-of-the-art tomography techniques such as focused ion
beam and scanning electron microscopy (FIB-SEM) and X-ray computed tomography (XCT)
enables the direct observation of the three-dimensional microstructure of the porous elec-
trodes at nano-scale resolution. In the FIB-SEM, the focused ion beam (FIB) is used to
conduct a nano-scale sectioning of a target volume followed by an image acquisition with
the scanning electron microscope (SEM). Repetition of the FIB milling and the SEM obser-
vation provides a sequential set of images of a target volume, which can be reconstructed
into three-dimensional microstructure of the porous electrodes. The rst application of the
FIB tomography to SOFC electrodes was reported by Wilson et al. [24], who demonstrated
the potential of the technique for the characterization of the real porous microstructure
such as phase connectivity, tortuosity factor, and the distribution of the TPB lines. The
paper posed a signicant impact on the SOFC community and the application of the FIB
technique has been rapidly increasing in the recent years [25{28]. The quantitative data eval-
uated from the three-dimensional microstructure are expected to be the key to investigating
the relationships between the porous microstructure and the performance/durability of the
SOFC electrodes; and hence, the optimization of the porous structure can be signicantly
promoted.
As one of the applications of the obtained three-dimensional microstructure, development
3
of a reliable simulation technique is strongly required to investigate the microstructural
eect on the performance and degradation. Detailed information inside the complex porous
structure, such as the distribution of the gas concentration and the charge-transfer current
can be obtained, some of which are not accessible in experiments. From the parametric
study on various operating conditions and microstructural parameters, rate-limiting process
in the SOFC electrodes can be identied, which are signicantly valuable in optimizing the
cell conguration and the electrode microstructure. Before the three-dimensional structure
became available, almost all of the numerical models were bound to rely on porous models
[29{31]. As a result, the numerical model contains uncertainty in the applicability of the
porous models as well as that of the transport and electrochemical models, which makes
it dicult to validate the numerical model as a whole. Thus, the recent advances in the
three-dimensional observation techniques are highly expected to exclude the uncertainty of
the structure model and increase the reliability on the simulation model.
The main objective of this study is summarized into three parts: (i) direct observation of
the three-dimensional microstructure of the SOFC anode using the FIB-SEM technique and
development of the quantication methods for characterizing the obtained porous microstruc-
ture, (ii) development of a reliable simulation technique using the obtained microstructure,
and (iii) application of the developed simulation model to predict the anode performance
and to propose a optimization policy for the anode fabrication.
4
1.2 Outline of the Thesis
Chapter 2 presents the state-of-the-art tomography technique for the observation of SOFC
electrodes using the FIB-SEM system. Image processing techniques to handle the obtained
SEM images and the quantication methods for characterizing the three-dimensional porous
structure are also proposed.
Chapter 3 presents the one-dimensional numerical simulation of the porous anodes with
the microstructural parameters obtained in chapter 2. The validity of the proposed model
is investigated through the comparison with experimental results under various operating
conditions. For the fundamental understanding of the eect of the microstructure on the
anode performance, sensitivity analysis is conducted using the proposed model.
Chapter 4 presents the development of a fundamental technique required for the three-
dimensional numerical simulation in porous structures. Structure models are developed to
maintain the quality of the original structural information obtained with the FIB-SEM in
the grid system. The eect of the models on the numerical simulation is investigated through
a diusion analysis, and their eect and applicability are evaluated.
Chapter 5 presents the eect of the composition ratio of Ni-YSZ anodes on the anode
performance through electrochemical characterization, microstructural analysis, and three-
dimensional numerical simulation. A simple optimizing policy for SOFC anodes is proposed
through the discussion.
Chapter 6 presents the study aiming to predict the active thickness in the porous anodes.
The characteristic length with respect to the oxide-ion conduction, which is dened by the
ratio between the eective oxide-ion conductivity and the electrochemical reaction rate, is
introduced as a key parameter to predict the thickness of the active thickness. The relation-
ships between the characteristic length and the active thickness is investigated thought the
one-dimensional numerical analysis.
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Observation of SOFC Anodes with
Focused Ion Beam and Scanning
Electron Microscope Technique
2.1 Introduction
Conventional electrodes used for SOFCs are composite porous material consisting of
electron-conductive phase, oxide-ion-conductive phase, and gas-diusive phase. The elec-
trochemical reaction in the electrodes is considered to occur around the contact area of the
three phases, which is called thee-phase boundary (TPB). The highly complex nature of the
porous structure allows the active reaction site to spread into the electrode bulk, increasing
the volumetric current generation.
The composite electrodes have several requirement for reliable operation. First, they
must be thermally and chemically stable during long-time operation, which is usually under
high temperature and strongly reducing or oxidizing atmosphere. Second, they should match
the thermal expansion coecient to the electrolyte material to prevent mechanical failure
during thermal cycling in start-up/shut-down sequences. Third, they should have enough
tolerance to various impurities in the supplied gas, such as sulfur and chlorine. Finally,
cost issue is also signicant considering the current economic situation and the competition
against other energy devices.
In order to satisfy these requirements, not only the development of new materials but also
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the optimization of the porous microstructure has been of great interest to manufacturers
of the SOFCs. To achieve higher activity for the electrochemical reaction, electrodes are
expected to contain as much TPB as possible providing abundant reaction site. However,
not all TPB can work as a reaction site; for the sucient transport of chemical species to
and from the TPB, contiguous pathways of the porous components must be secured. Fig.
2.1 schematically shows the electrochemical reaction in the Ni-YSZ anode associated with
the transport of various chemical species. For the delivery of the fuel to the TPB and the
evacuation of the gaseous reactants, the contiguous pore network is required from the anode
surface. Similarly, a connected pathway of the electron-conductive Ni phase is required from
the TPB to the anode surface to lead the generated electrons to the external circuit via the
current collector. Moreover, a percolation of the ion-conducting YSZ phase is also necessary
from the anode-electrolyte interface. The lack of any one of these results in making the
TPB inactive. It is obvious that the inuence of the electrode microstructure on SOFC
performance is signicantly large; numerous research eorts have been devoted to nd the
optimal microstructure of the electrodes to achieve higher performance and longer durability.
Historically, the attempts to optimize the electrode microstructure had highly depended
on trial-and-error-based experiments because the insight on the microstructure was con-
ned to the conventional cross-sectional observation [1, 2]. Since the three-dimensional
information of the real electrodes was not easily accessible, various porous models were de-
veloped to mimic the three-dimensional porous structure, such as the general eective media
(GEM) theory [3], the concept of contiguity [4{6], the random-resistor network model [7, 8],
the random-packing-spherical model [9, 10], and the stochastic reconstruction method [12].
These models played an important role for qualitative investigation of the porous electrodes
through simulating various transport and electrochemical reaction in the model structures
[10{12]. However, the limitations of these models are obvious because they require as-
sumptions for structural conguration such as homogeneous and monodispersed particles.
Therefore, they cannot precisely predict the states of the three-dimensional percolation of
the porous components, which is highly important to consider the electrochemical activity
of the TPB.
Recently, with state-of-the-art tomography techniques such as focused ion beam and
scanning electron microscopy (FIB-SEM), three-dimensional microstructure of the porous
12
electrodes can be obtained at nano-scale resolution. Focused ion beam (FIB) tomography
uses an ion beam to conduct a nano-scale sectioning of a target volume followed by an image
acquisition with an scanning electron microscope (SEM). Repetition of the FIB milling and
the SEM observation provides a sequential set of images of a sample volume, which can be
reconstructed into three-dimensional microstructure of the porous electrodes. The quan-
titative data obtained from the three-dimensional structure are expected to be the key to
investigating the relationships between the porous microstructure and the electrode perfor-
mance; and hence, the optimization of the porous structure can be signicantly promoted.
The strong potential of this tomography technique has been attracting great interest from
the researchers in the SOFC community [13{17].
In the present chapter, direct observation technique using the FIB-SEM system and fol-
lowing image processing and quantication techniques employed to the three-dimensional
microstructure of the SOFC anodes will be presented. First, the mechanical conguration
and the observation procedures with the FIB-SEM system will be explained. Next, the image
processing procedure for image alignment, segmentation, and three-dimensional reconstruc-
tion will be presented. Then, various technique to quantify microstructural parameters that
characterize the porous structure, such as volume fraction, percolation probability, tortuos-
ity factor, and TPB density will be proposed. Finally, the results for four dierent Ni-YSZ
anodes will be presented and compared for the fundamental understanding of the complex
nature of the porous anodes.
Fig. 2.1. Transport phenomena and electrochemical reaction in Ni-YSZ anode.
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2.2 Direct Observation of Three-Dimensional Microstruc-
ture of SOFC Anode
2.2.1 Sample preparation
In this study, a conventional Ni-YSZjYSZjLSM button cell is examined. Fig. 2.2 shows
the schematic picture of the SOFC button cell used in this study. A disk of 8 mol% YSZ
(yttria-stabilized zirconia, Tosoh Co., 24 mm in diameter, 500 m in thickness) is used as
an electrolyte. The Ni-YSZ anode is fabricated on the YSZ disk as follows.
1. NiO powder (Wako Pure Chemical Industries, Ltd.) and YSZ powder (Tosoh Co.)
are mixed with zirconia balls (4.0mm) and ball-milled for 24 h along with ethanol to
disperse the particles.
2. The ethanol is evaporated using a hot stirrer, and the resultant powder is pre-sintered
at 1400 C for 5 h.
3. Pre-sintered powder is ground with an automatic milling equipment for 3 h.
4. Carbon black (Asahi Carbon Co., SB300) is used as a pore former for some of the
anode samples; in such cases, the above wet milling process is repeated.
5. The resultant powder is mixed with polyethylene glycol to form a slurry.
6. The slurry is screen-printed on the YSZ electrolyte and sintered at 1400 C for 5 h.
In this study, four dierent anodes are fabricated: Ni:YSZ = 70:30, 50:50, and 30:70 without
pore former, and Ni:YSZ = 50:50 with pore former.
(La0:8Sr0:2)0:97MnO3 (LSM) is used as a cathode material, which is fabricated on the
other face of the YSZ disk as follows.
1. Metal acetates are dissolved in water considering the required molar ratio of the metals.
2. The water is dried o using a hot stirrer, followed by the calcination at 300 C for 1 h.
3. Ball-milling with zirconia balls (4.0 mm) for 24 h.
4. The resultant powder is mixed with polyethylene glycol to form a slurry.
5. The slurry is screen-printed on the other face of the electrolyte and sintered at 1150
C for 5 h.
A platinum wire (0:2mm) is attached around the side edge of the electrolyte disk to use it
as a reference electrode.
14
Fig. 2.2. Schematic picture of the SOFC button cell.
2.2.2 Electrochemical characterization
Schematic picture of the experimental setup for the electrochemical measurement of the
button cells is shown in Fig. 2.3. First, the cell is sandwiched by alumina tubes with Pyrex
glass rings, and heated up to the testing temperature by an electric furnace. Second, the
anode is reduced under hydrogen atmosphere at 1000 C for 1 h. Third, the power generation
with potentiostatic load is conducted for 3 h at the terminal voltage 0.7 V to stabilize the
initial performance. Feeding gas is humidied hydrogen (3% H2O { 97% H2) and air (79%
N2 { 21% O2) to the anode and cathode, respectively. A total gas ow rate is 100 ml=min
at both electrode sides. The fuel mixture is prepared by bubbling hydrogen through water,
whose temperature is precisely controlled with an electric heater. Finally, under various fuel
and temperature conditions, current-voltage characteristics and AC impedance characteris-
tics are measured between the anode and the reference electrode using the Solartron 1287
electrochemical interface and the Solartron 1255 frequency analyzer. The applied frequency
is in the range of 0.1 Hz to 1 MHz.
2.2.3 FIB-SEM observation
After the electrochemical characterization, the cell is cooled down in a reductive atmo-
sphere. Then, the porous anode is inltrated with epoxy resin (Marumoto Struers KK)
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Fig. 2.3. Schematic picture of the experimental setup.
under vacuum condition so that the pores of the anode can be easily distinguished during
the SEM observation. The inltrated samples are cut and mechanically polished with sand-
paper and diamond paste to prepare them for the FIB-SEM observation. Fig. 2.4(a) shows
the prepared specimen for the FIB-SEM observation, where the transparent material is the
epoxy resin. Fig. 2.4(b) shows the specimen setup on the microscope stage. To prevent
the charge-up during the observation, the excessive part of the epoxy is removed as much
as possible. Moreover, the specimen surface is coated with silver paste (Fujikura Kasei Co.
Ltd, DOTITE D-500) to improve the electric conductivity of the specimen.
The three-dimensional microstructure of the Ni-YSZ anode is observed by the FIB-SEM
system (NVision 40), which is equipped with a Gemini FE-SEM column (Zeiss), a zeta FIB
column (SIINT), and a multichannel gas injection system (SIINT). Fig. 2.5 schematically
shows a typical setting for the FIB-SEM observation. In this system, two beams have a
coincident angle of 54. An in-lens secondary electron detector is used for the microstruc-
tural observation with an acceleration voltage around 2 kV. Fig. 2.6 shows an example of
the obtained cross-sectional images. Under the above imaging condition, a clear contrast
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(a) (b)
Fig. 2.4. Specimen preparation. (a) Inltrated and polished anode. (b) setup on the stab.
between the three phases is successfully obtained. In the image, white, gray, and black part
corresponds to the Ni, YSZ, and the pore phase, respectively. The charge-up of a sample
often becomes an issue because it causes drifting of a target volume in the eld of view.
Therefore, in addition to the careful sample preparation, carbon is deposited on top of the
specimen so that the charge species can be easily removed from the target volume. However,
it is still dicult to completely eliminate the drifting; there are always small misalignment
between the neighboring images. Therefore, lines are put on the sample surface to use them
for an alignment mark in the following image processing.
As the rst step in the image processing, misalignments are corrected by minimizing the
dierence between the neighboring images. Then, regions available for the microstructural
analysis is extracted and the segmentation is conducted based on the image brightness. After
the alignment and the segmentation, the sequential set of the two-dimensional images is lined
up with the actual increment during the FIB-SEM observation and the three-dimensional
porous microstructure is reconstructed in a virtual eld. A commercial image processing
software Avizo (Mercury Computer Systems, Inc.) is used for the image alignment, segmen-
tation, three-dimensional reconstruction, and some of the quantication explained afterward.
In this study, orthogonal coordinate axes X and Y are embedded on the two-dimensional
SEM image and Z is the proceeding direction of the FIB milling.
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Fig. 2.5. Schematic diagram of the FIB-SEM setting.
Fig. 2.6. Example of the cross-sectional images obtained with the FIB-SEM. Ni:YSZ = 50:50
(PF) anode. (White: Ni, gray: YSZ, black: pore)
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2.3 Quantication of Porous Structure
From the phase-separated images, various microstructural parameters that characterize
the porous structure are quantied. They are expected to be the keys to considering the re-
lationships between the electrode microstructure and the electrode performance/durability.
For the quantication, in-house code based on the C language is used as well as the com-
mercial software Avizo.
2.3.1 Volume fraction
Volume fraction is the primary information of porous materials and has strong relation-
ships with other microstructural parameters. The number of voxels corresponding to each





where Vl is the volume fraction of phase l, and Vol is the volume.
2.3.2 Percolation probability
For the sucient transport of the chemical species to and from the TPB, contagious
pathways of the porous components are required. Therefore, the connectivity of the porous
components are signicantly important to explain the electrode performance, and hence,
should be improved for the microstructural optimization. In this study, the percolation
probability of phase l, Ql, is dened as the volume percentage of the region that penetrates
the cuboid sample volume in a specic direction so that the anisotropic aspect of porous





where the superscript e indicates the penetrating region.
2.3.3 Tortuosity factor
In porous materials, the amount of transport though the complex structure are generally
reduced compared with that through bulk material. It is primarily caused by the decrease
of the conductive volume but that is not the only reason; the structural complexity of the
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Fig. 2.7. Simple curved channel for the explanation of tortuosity and tortuosity factor.






where l is the tortuosity factor of phase l, and  l is the bulk transport coecient.
It should be kept in mind that "tortuosity factor" and "tortuosity" are dierent concepts.
For a simple explanation, a curved channel as depicted in Fig. 2.7 is used here. The
"tortuosity" is dened as the ratio of the length of the curved channel, L0, to that of the
straight channel, L. On the other hand, the "tortuosity factor" in this example is the square
of the tortuosity. What can be applied to eq. (2.3) is the tortuosity factor, although it is
almost impossible to clearly dene the length of the highly branched transport pathways in
real porous materials.
The tortuosity factor can be quantitatively evaluated through a random-walk process [18],
simplied diusion simulation. In the rst step of the method, a large number of imaginary
particles are randomly distributed in the considered phase, i.e., the Ni, YSZ, or pore phase.
Each walker randomly chooses one of the neighboring voxels as its possible location in the
next time step. If the selected neighboring voxel is the same as the considered phase, the
walker migrates to that voxel. If the selected voxel is a dierent phase, the walker stays at
the current voxel and waits for the next time step. In this procedure, neither absorption nor
desorption on the phase boundaries is considered. While repeating this process, the mean
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fxn(t)  xn(0)g2 + fyn(t)  yn(0)g2 + fzn(t)  zn(0)g2 (2.4)
where N is the total number of random walkers, and xn(t), yn(t), and zn(t) are the three-
dimensional coordinates of the walker's position at time t for the nth walker. h i indicates
an ensemble average over all the walkers. Since the mean square displacement hr2i is pro-
portional to time, the transport coecient of the imaginary particles is related to the time







The mean square displacement in porous media is lower than that obtained in a bulk
space because the movement of the particles is interrupted at the phase boundaries. The













where  el and V
e
l are the eective transport coecient and the volume fraction of the
penetrating region, respectively. It should be noted that the random walkers are distributed
only in the penetrating region of the phase because the isolated region cannot contribute to
the transport phenomena. Otherwise, random walkers are trapped in the isolated region,
resulting in the underestimation of the mean square displacement. In order to capture an
anisotropic aspects of the porous structure, the mean square displacement hr2i can be divided
















The anisotropic tortuosity factors are calculated with similar relations, eqs. (2.5) and (2.6).
In order to obtain an accurate value of tortuosity factors, a long time step and a large







Fig. 2.8. Schematic picture of the volume-expansion method. (a) Extraction of the TPB
existing region. (b) Overview of the reconstructed TPB lines.
likely to step out of the image dataset obtained with the FIB-SEM. Therefore, a mirror sym-
metric boundary condition is applied to solve this problem because it guarantees connectivity
of the porous components across the boundaries of the dataset.
For the random numbers, "SIMD-oriented Fast Mersenne Twister (SFMT)" [19] is used
as a high performance pseudo-random number generator to meet the requirement for high-
dimensional randomness.
2.3.4 Three-phase boundary density
The volume-expansion method is developed and adopted to the evaluation of the TPB
using the commercial image processing software Avizo. Schematic picture of the method is
depicted in Fig. 2.8(a). First, three phases in the segmented images are slightly expanded
outward in the virtual eld, and the overlapped regions, which has string-like volumes and
contains TPB line inside, are extracted. Then, centerlines of the strings are reconstructed to
represent the TPB lines (Fig. 2.8(b)). The total length of the lines are measured and divided
by the sample volume to obtain the TPB density. It is worth noting that lines obtained
through this method theoretically match the actual TPB lines if the spatial resolution of the
images is suciently high and the amount of the volume-expansion is innitely small.
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2.3.5 Surface-to-volume ratio
Surface-to-volume ratio (S=V )l is an important factor particularly in heat transfer and
chemical reactions in porous materials. The larger the parameter, the larger surface is
included in the porous media, which may result in more heat exchange and surface reaction
on the surface. At the same time, a larger surface-to-volume ratio implies complex porous
structure, limiting the transport through the phase.
The surface area of the complex porous materials can be obtained with the Avizo, how-
ever, it inevitably includes the surface on the boundary of the observed region, which is not
an actual surface of the porous material. Therefore, the boundary surface is measured by
using an in-house code and subtracted to obtain the surface area that is truly included in






It should be noted that the surface-to-volume ratio (S=V )l is dierent from the "specic
surface" SVl . In the latter case, the denominator of the ratio is the total volume of the cuboid





Although both parameters can be used to characterize the porous structure in terms of
how large surface area is included in the volume, their meaning are dierent.
2.3.6 Particle/pore size distribution
Particle/pore size distributions (PSD) are evaluated by the line-intercept method, which
was originally developed for quantifying a porous microstructure from a cross-sectional im-
age [1, 2, 20, 21]. In this study, the method is expanded to apply it to three-dimensional
structures. Lines are drawn in three directions along the orthogonal coordinate from the
focused voxel. The lengths of the lines intercepted by the considered phase are measured




(rx+ + rx  + ry+ + ry  + rz+ + rz ) (2.12)
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Then the histogram of the local particle/pore size is obtained. Since the total number of
voxels contained in a dataset depends on the samples, the histogram is normalized by the
total number of voxels to make the comparison between dierent samples easier.
Fig. 2.9. Schematic picture of the line-intercept method.
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2.4 Results and Discussion
In this chapter, four dierent anodes are examined; Ni:YSZ = 70:30, 50:50, and 30:70
without pore former and Ni:YSZ = 50:50 with pore former (PF). Fig. 2.10 shows the example
of the segmented images and the three-dimensionally reconstructed structures of the anodes.
2.4.1 Sample sizes and voxel sizes
Table 2.1 shows the sample sizes and voxel sizes of the images extracted from the original
SEM images. The sample sizes are around 10 m in each direction except Z direction in the
Ni:YSZ = 50:50 (PF) anode. The elemental voxel size is around 30 nm on the cross-sectional
images and 50 nm in the increment direction of the FIB milling.
Table 2.1. Sample sizes and voxel sizes.
Sample size [m] Voxel size [nm]
Sample X Y Z X Y Z
Ni:YSZ = 70:30 18.0 13.2 10.5 30.0 30.0 52.3
Ni:YSZ = 50:50 18.1 9.72 9.97 34.7 34.7 62.3
Ni:YSZ = 50:50 (PF) 19.2 8.51 6.20 26.6 26.6 62.0
Ni:YSZ = 30:70 18.8 11.6 10.1 36.2 36.2 42.2
2.4.2 Volume fraction
Volume fractions of the porous components in the examined anodes are shown in Table
2.2. The quantied volume ratios of Ni:YSZ show good agreement with the intended values.
Slight discrepancies implies that a larger sample volume is preferred for statistically estimated
parameters to be representative of the whole anode microstructure.
Table 2.2. Volume fraction.
Sample Ni YSZ Pore Ni:YSZ
Ni:YSZ = 70:30 42.3 18.9 38.8 69.1:30.9
Ni:YSZ = 50:50 34.2 29.7 36.1 53.5:46.5
Ni:YSZ = 50:50 (PF) 25.3 25.1 49.6 50.2:49.8
Ni:YSZ = 30:70 23.6 50.6 25.8 31.8:68.2
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(a) Ni:YSZ = 70:30
(b) Ni:YSZ = 50:50
(c) Ni:YSZ = 50:50 (PF)
(d) Ni:YSZ = 30:70
Fig. 2.10. Example of the segmented images and three-dimensionally reconstructed structure.
(a) Ni:YSZ = 70:30, (b) Ni:YSZ = 50:50, (c) Ni:YSZ = 50:50 (PF), and (d) Ni:YSZ = 30:70.
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2.4.3 Percolation probability
Percolation probabilities are shown in Table 2.3. In the examined anodes, some of the
phases show poor connectivity: YSZ phase in the Ni:YSZ = 70:30 anode, Ni phase in the
Ni:YSZ = 50:50 (PF) anode, and Ni phase in the Ni:YSZ = 30:70 anode. This is mainly
due to their relatively lower volume fractions, 18.9, 25.3, and 23.6%, respectively. However,
the YSZ phase in the Ni:YSZ = 50:50 (PF) anode shows good connectivity even though
its volume fraction is comparably low (25.1 %). On the basis of the percolation theory
[9, 10], a percolation probability steeply declines at a certain value of the volume fraction,
which is called the percolation threshold. For binary mixture of uniform-size particles, it is
about 30 %; however, it signicantly diers if the particle size ratio between the two solid
phases are not unity. As shown in Table 2.2, the volume fractions of the Ni and YSZ in the
Ni:YSZ = 50:50 (PF) anode take similar values. Nevertheless the percolation probabilities
of these two phases are signicantly dierent as shown in Table 2.3: the Ni phase shows a
poor connectivity while the YSZ phase is connected well. It implies the dierence in the
microstructure between the two phases. Details will be discussed later along with other
microstructural parameters.
Table 2.3. Percolation probability.
Ni YSZ Pore
Sample X Y Z X Y Z X Y Z
Ni:YSZ = 70:30 0.988 0.988 0.988 0.000 0.000 0.681 0.997 0.997 0.997
Ni:YSZ = 50:50 0.987 0.987 0.987 0.961 0.961 0.961 0.886 0.996 0.996
Ni:YSZ = 50:50 (PF) 0.477 0.477 0.842 0.943 0.943 0.943 1.000 1.000 1.000
Ni:YSZ = 30:70 0.000 0.155 0.000 1.000 1.000 1.000 1.000 0.986 0.986
2.4.4 Tortuosity factor
The accuracy of the random-walk simulation is examined by applying it to a well-dened
structure shown in Fig. 2.11(a); an inclined straight channel is formed in the computational
domain. The tortuosity factor in X-direction, X , can be theoretically calculated in this case
as X = 1 + tan
2 , where  is the inclination angle. X is calculated varying the channel
width W and the inclination angle . The results are compared with the theoretical values
in Fig. 2.11(b). The discrepancy from the theoretical values becomes larger with larger
inclination angle when W is small. It can be seen that the tortuosity factor is overestimated
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Fig. 2.11. Validation of the random-walk simulation with a well-dened problem: (a) the
problem settings for the validation and (b) comparison with the theoretical value under
various conditions.
when the spatial resolution is insucient. It can be concluded from the result that this
method provides reasonable values for tortuosity factors when the characteristic structure is
resoluted with more than 20 voxels in each direction.
The directional mean square displacements in the Ni phase of the Ni:YSZ = 50:50 (PF)
are shown in Fig. 2.12 as a typical result of the random-walk simulation, where the total
number of random walkers is 105 and the total time step is 107. Theoretically, the directional
mean square displacements in the free space are hx2i = hy2i = hz2i = t=3. However, those in
porous media are smaller than those in the free space because the movement of the particles
is interrupted by the obstruction eect of the phase boundaries. The anisotropic tortuosity
factors of each phase are shown in Table 2.4. In calculating the time derivatives of the mean
square displacements, the rst half of the total time step is omitted to eliminate the inuence
of the initial position of the particles. In some of the phases, it is impossible to calculate the
anisotropic tortuosity factor because there is no percolating region in a specic direction.
Fig. 2.13 shows the relationships between the tortuosity factor and the phase volume
fraction. It can be seen that the tortuosity factors steeply increase as the volume fraction
becomes smaller, particularly under the percolation threshold located around the volume
fraction of 25 %. It is consistent with the denition of the tortuosity factor shown in eq.(2.6)





























Fig. 2.12. Directional mean square displacements of the random walkers in the Ni phase of
the Ni:YSZ = 50:50 (PF) anode.

















Fig. 2.13. Relationships between the tortuosity factor and the phase volume fraction.
Table 2.4. Anisotropic tortuosity factor.
Ni YSZ Pore
Sample X Y Z X Y Z X Y Z
Ni:YSZ = 70:30 2.79 2.41 1.85 { { 14.1 3.26 2.71 2.27
Ni:YSZ = 50:50 4.91 3.43 3.79 7.93 5.63 5.39 3.48 3.04 2.64
Ni:YSZ = 50:50 (PF) 25.2 34.8 6.91 24.0 13.4 8.85 1.95 1.97 1.74
Ni:YSZ = 30:70 { 78.3 { 1.71 1.57 2.57 6.17 3.92 10.8
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2.4.5 TPB density
The validity of the volume-expansion method is examined by applying it to a well-dened
structure. Fig. 2.14(a) shows the geometry adopted for the test calculation; two spheres,
each representing one phase, are partially overlapped with each other and surrounded by
the third phase. A circular-shape TPB is formed around the contact area of the two solid
particles. The volume-expansion method is applied to this problem varying the spatial
resolution of the structure. Fig. 2.14(b) shows the comparison between the obtained values
and the theoretical values. It can be concluded from the gure that this method provides
reasonable results for structures that have a characteristic length greater than 10 voxels.
The TPB density of each sample is shown in Table 2.5. The TPB density tends to be
larger when the volume fractions of the Ni and YSZ phases are equivalent, which is also seen
in the random-packing model based on the percolation theory [9, 10]. However, there is also
a signicant dierence between Ni:YSZ = 50:50 and Ni:YSZ = 50:50 (PF) anodes. Even
though the particles are more dispersed in the Ni:YSZ = 50:50 (PF) anode because of the
higher pore volume fraction, the TPB density is still higher. This implies the particle size
of the Ni:YSZ = 50:50 (PF) anode is smaller than that of the Ni:YSZ = 50:50 anode, which
will be conrmed later.
(a)




























Diameter of the TPB circle [voxel]
 Theoretical
Fig. 2.14. Validation of the volume-expansion method with a well-dened problem: (a) test
geometry for the validation and (b) comparison with the theoretical value at various spacial
resolutions.
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Table 2.5. TPB density. [m=m3]
Sample
Ni:YSZ = 70:30 1.77
Ni:YSZ = 50:50 2.00
Ni:YSZ = 50:50 (PF) 2.49
Ni:YSZ = 30:70 1.81
2.4.6 Surface-to-volume ratio
Surface-to-volume ratios of each phase are shown in Table 2.6. Also Fig. 2.15 shows the
relationships between the surface-to-volume ratio and the phase volume fraction. The values
have a slightly negative correlation with the volume fraction. However, the absolute value
of the parameter seems to depend on the phase; the value of the YSZ phase is larger than
that of the Ni phase when the volume fractions of the two phases are similar.
The microstructural characteristics of the Ni and YSZ phases in the Ni:YSZ = 50:50 (PF)
anode is particularly interesting to discuss. Even though they have almost identical volume
fraction, the surface-to-volume ratio of the Ni phase is about half of that of the YSZ phase.
Moreover, both have larger tortuosity factors compared with the pore phase. The surface-
to-volume ratio is useful to explain this issue. If the volume fraction of a phase is relatively
small and xed, a small surface-to-volume ratio indicates a situation where relatively large
particles are sparsely distributed in the eld, which results in limited connectivity between
the particles. This is the case with the Ni phase showing the poor connectivity, and hence
the large tortuosity factors. On the other hand, the YSZ phase has a larger surface-to-
volume ratio than the Ni phase, but their volume fractions are similar. Considering the
good connectivity of the YSZ phase, the YSZ phase is likely to have a smaller structure and
is more uniformly distributed in the eld. This geometric characteristics of the YSZ phase
causes the complexity of the microstructural conguration and limits the transport through
the phase, resulting in the large tortuosity factors.
Table 2.6. Surface-to-volume ratio. [m2=m3]
Sample Ni YSZ Pore
Ni:YSZ = 70:30 2.21 5.34 3.40
Ni:YSZ = 50:50 3.98 5.24 5.17
Ni:YSZ = 50:50 (PF) 3.56 7.51 4.25
Ni:YSZ = 30:70 4.30 3.51 5.43
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The above discussion shows that, for a given volume fraction, both very large and very
small surface-to-volume ratios may result in large tortuosity factors; there seems to be an
appropriate range of surface-to-volume ratio for achieving eective transport in the porous
structure. Note that this appropriate range depends on the phase volume fraction.




























Fig. 2.15. Relationships between the surface-to-volume ratio and the phase volume fraction.
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2.4.7 Particle/pore size
Table 2.7 shows the averaged particle/pore sizes of each phase with their standard devia-
tions in parenthesis. Also Fig. 2.16 shows the particle/pore size distributions (PSD) of each
phase. The particle/pore sizes are measured at all voxels corresponding to the considered
phase and summarized into histograms. Then, the intensity of the histograms is normalized
by the total number of voxels corresponding to the phase.
The average particle sizes of the Ni and YSZ phases tend to be larger when the volume
fraction of the phase is larger. This is because larger volume fraction indicates more possi-
bility of the sintering between the particles. In such a case, the shape of the PSD gradually
becomes lower and wider as the volume fraction becomes higher. The PSD of the pore phase
is aected by the Ni volume fraction as well as the addition of the pore former. Higher Ni
content causes more volumetric shrinkage in the reduction process, which increases the pore
size and widens the PSD of the phase. On the other hand, the pore former creates pores
with similar sizes, resulting in relatively narrower PSD.
The eect of the pore former is worth discussing. The average pore size is aected by
the addition of the pore former as discussed above. Another important eect of the pore
former is that it can inhibit the sintering of the solid particles. The comparison of the
PSD of the Ni phase between the Ni:YSZ = 50:50 (PF) and Ni:YSZ = 30:70 anodes clearly
demonstrates this eect. Even though they have more than 10 % dierence in their volume
fraction, their PSD are almost identical. Also, the average particle size of the YSZ phase
in the Ni:YSZ = 50:50 (PF) is signicantly smaller than those of the other samples, which
cannot be explained only by their volume fractions.
Table 2.7. Average particle/pore sizes [m] and their standard deviations in parenthesis.
Sample Ni YSZ Pore
Ni:YSZ = 70:30 2.55 (1.05) 1.11 (0.51) 2.19 (1.20)
Ni:YSZ = 50:50 1.60 (0.77) 1.16 (0.56) 1.32 (0.73)
Ni:YSZ = 50:50 (PF) 1.38 (0.54) 0.73 (0.30) 1.74 (0.86)
Ni:YSZ = 30:70 1.34 (0.58) 1.74 (0.73) 1.39 (0.98)
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Fig. 2.16. Particle/pore size distributions. (a) Ni, (b) YSZ, and (c) Pore.
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2.4.8 Error assessment
Quantication errors in the microstructural parameters are inevitable because of several
issues: limited sample size and resolutions in the FIB-SEM observation, uncertainty in
the image processing such as the alignment and segmentation, and the accuracy of the
quantication methods themselves applied to the image data.
Since the volume fractions of the observed anodes well agree with the intended values
(Table 2.2), the structure sizes are judged to be large enough to be representative of the whole
anode structure; the inuence of the structural inhomogeneity on the quantied parameters
is limited. However, Kanno et al. [22] reported that larger volume is required for the accurate
quantication of tortuosity factors. Among the tested samples, the Ni:YSZ = 50:50 (PF)
anode has smaller structure size in Z direction, which may aect the quantication of the
anisotropic tortuosity factors of the anode, although the extent of the eect is not clear so
far.
Hayashi [23] reported about the errors associated with the image processing of the FIB-
SEM dataset. The edge part of the particles is inevitably blurred in the SEM observation;
phase identication of such region causes segmentation error regardless of the method we
employ. The inuence of the segmentation error on the quantication was found to be at
most 2.5% on the volume fraction and 3.6% on the TPB density.
Errors in the quantication methods themselves have been already mentioned previously.
For an accurate quantication of the tortuosity factor and the TPB density, the characteristic
scale of the porous structure, such as particle/pore size, needs to be resoluted with 20 and
10 voxels, respectively. For the quantication of the TPB density, all samples satisfy the
requirement in all directions. On the other hand, for that of the tortuosity factor, the YSZ
phase in the Ni:YSZ = 50:50 (PF) anode has a resolution of only 12 pixels in Z direction.
The possible error in the anisotropic tortuosity factor in the direction is estimated at most
10 % based on the analysis with the well-dened structure shown in Fig. 2.11(b). The other
phases satised the requirement.
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2.5 Conclusions
In the present chapter, direct observation and following image processing and quan-
tication techniques are developed and employed to the Ni-YSZ anodes of SOFCs. The
three-dimensional microstructure of the porous anodes are directly observed with the dual-
beam FIB-SEM technique. Then the quantication techniques are developed to characterize
the porous microstructure. The anodes with four dierent compositions are examined and
the fundamental understandings of the complex nature of the porous anode are obtained.
Main conclusions drawn in the present chapter can be stated as follows:
1. Three-dimensional microstructure of the porous anode can be obtained at nano-scale
resolution using the FIB-SEM system. The structure size available for the quantitative
analysis is more than 10 m3. Use of low acceleration voltage of the electron beam
(1{2 kV) and in-lens secondary electron detector provides the clear contrast between
the three phases. Inltration with epoxy resin is eective to eliminate the background
eect from the cross-sectional images.
2. Microstructural parameters that have a signicant inuence on the anode performance
can be quantied with the proposed methods. The volume fraction, percolation proba-
bility, tortuosity factor, and particle/pore size are obtained with in-house C-language-
based program. For the TPB density and surface information, the commercial image
processing software Avizo is used. Error analysis is conducted for the quantication of
the tortuosity factor and the TPB density and shows the number of voxels required to
resolute the characteristic structure of the porous anode: 20 for the tortuosity factor
and 10 for the TPB density.
3. Analysis on the anodes with four dierent compositions provides fundamental insight
on the composite anode microstructure. For example, low volume fraction with large
particle size of a phase results in sparse distribution of the phase, making the con-
nectivity worse. On the other hand, low volume fraction with small particle size of
a phase results in a complex porous conguration even though the phase is spatially
well-connected. Tortuosity factor, which is important to consider various transport
phenomena in porous materials, is aected by other microstructural parameters such
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as percolation probability and surface-to-volume ratio. For the optimization of the mi-
crostructure, further investigation of the relationships among the various microstruc-
tural parameters is required.
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Simulation of Anode Overpotential
Characteristics with Microstructural
Parameters of Porous Structure
3.1 Introduction
Numerical simulation is one of the most powerful and eective tools to investigate the re-
lationships between the electrode microstructure and the performance. Detailed information
inside the complex porous structure, such as the distribution of the gas concentration and
the charge-transfer current can be obtained, some of which are not accessible in experiments.
From the parametric study on various operating conditions and microstructural parameters,
rate-limiting process in the SOFC electrodes can be identied, which is signicantly valuable
in optimizing the cell conguration and the electrode microstructure.
Nam et al [1]. conducted a one-dimensional numerical simulation of an intermediate-
temperature SOFC cell with the detailed description of the microscale transport and the
electrochemical reaction. They found that the eect of the particle size is the most sig-
nicant on the electrode performance because smaller particle size reduces the activation
overpotential by increasing the TPB density in the electrodes. However, small particle size
also results in increasing mass transport resistance in the pore phase; optimal size for the
solid particles need to be determined considering both the TPB density and the gas diu-
sivity. Zhu et al [2]. also developed a model that considered parallel transport in porous
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electrodes with the electrochemical reaction. Signicant improvement in their model was
in the electrochemical reaction model that considers heterogeneous chemistry on the solid
surface, such as adsorption and desorption. They suggested that the function-layer thickness
and particle sizes are among the most eective parameters for optimizing the electrode mi-
crostructure. Chen et al [3]. applied similar modeling approach for the optimization of the
cathode interlayer. They varied the interlayer thickness as well as various microstructural
parameters, and found the optimal thickness of the interlayer.
In spite of the eectiveness of the simulation techniques, they have obvious drawbacks.
Since there had been few reliable structure data of the porous electrodes, they were bound
to rely on porous models. As a result, the numerical model contains uncertainty both in
the applicability of the porous models and the validity of the transport and electrochemical
models. This issue makes it dicult to validate the whole numerical model; and hence, poses
questions on their ndings.
Thus, the recent advances in the three-dimensional observation technique such as the
FIB-SEM are highly expected to exclude the uncertainty of the structure model from the
whole numerical model. The microstructural parameters quantied from the real porous
microstructure can be applied to the numerical model. Although there are some issues
unsolved in the quantication of microstructural parameters, such as the limited volume size
observable in the tomography and the accuracy of the quantication methods, use of the real
microstructure has a signicant advantage. Development of reliable simulation techniques
using the real electrode microstructure is eagerly desired.
In the present chapter, one-dimensional numerical simulation of the SOFC anode will
be conducted considering various transport phenomena in the porous electrode, which are
linked by the electrochemical reaction at the TPB. The microstructural parameters of the
porous anode will be applied to the model to evaluate the eective transport coecient
and the electrochemical activity of the anode. Numerical results will be compared with
the experimental counterparts under various operating conditions to evaluate the validity
and applicability of the proposed model. For the fundamental understanding of the eect
of the microstructure on the overall anode performance, sensitivity analysis will be con-




The simulation is based on the nite volume method (FVM) with a uniform grid system,
and is conducted in the thickness direction of the anode. The conservation of electron, ox-
ide ion, and gas components are considered, which are linked by the sink and source terms
associated with the electrochemical oxidation of hydrogen at the TPB. The microstructural
parameters that are necessary to evaluate the eective transport coecients and electro-
chemical reaction rate in the anode are evaluated from the Ni:YSZ = 50:50 (PF) anode.
Temperature is assumed to be constant and uniform in the anode.
3.2.1 Calculation domain
Schematic picture of the calculation domain is shown in Fig. 3.1. The size of the grid is
0.5 m and uniform over the entire anode region. Gas transport through the porous structure
is assumed to be driven only by diusion; convection eect is neglected. The microstructural
parameters such as the tortuosity factors, pore size, and the TPB density are applied to all
grids to evaluate the eective transport coecients and the electrochemical reaction rate.
Fig. 3.1. Schematic picture of the calculation domain.
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3.2.2 Governing equations
3.2.2.1 Transport of electrons and ions
In the SOFC anodes, electrons and oxide ions are transported through the Ni phase
and the YSZ phase, respectively. Considering the conservation of these charge carriers, the
following equations are introduced in terms of the electric potential of the phases:
r  (eel rel) =  itpb (3.1)
r  (eio rio) = itpb (3.2)
where el and io are the electric potential in the electron conductive phase (Ni) and the
oxide-ion conductive phase (YSZ), respectively, and itpb is the density of the current ex-
changed between the two phases (charge-transfer current). eel and 
e
io are the eective










where Vl and l are the volume fraction and the tortuosity factor of the phase l. And el
and io are the conductivities of the bulk materials obtained from literatures [4, 5].
el = 3:27 104   10:653T (3.4)






3.2.2.2 Diusion of gas species
The dusty-gas model (DGM) [6, 7] is used to simulate multi-component gas diusion in
the porous electrodes. This model includes the ow induced by a total pressure gradient and
can also be used in the situation where the eect of Knudsen diusion is not negligible. The
DGM is written as an implicit relationship among the molar fraction, molar ux, and total
pressure gradient:


















where Xl, Pl and Nl are the molar fraction, partial pressure and molar ux of gas species l.
Pt is the total pressure. sl is the source term associated with the electrochemical reaction at
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 and K are the mixture viscosity and permeability, and Del;K and D
e
lm are the eective
Knudsen diusion coecients and the eective binary diusion coecients, respectively.
In the binary system (n = 2), eq. (3.6) and (3.7) can be divided into two partial

































































where the subscripts 1 and 2 denote the H2 and H2O, respectively.
The eective Knudsen diusion coecients Del;K and the eective binary diusion coe-
cients Delm in the porous anode are estimated by using the volume fraction and the tortuosity




















where Ml is the molecular mass, and dp is the mean pore diameter, which is assumed to be
the same as the hydraulic diameter dh, and is described using the surface-to-volume ratio of
the pore phase:
dp ' dh = 4
(S=V )Pore
(3.16)
For the binary diusion coecients, the Fuller-Schettler-Giddings' equation [8] is adopted
in this study:
Dlm =
0:01013T 1:75 f(1=Ml  103) + (1=Mm  103)g1=2
P [(vl  106)1=3 + (vm  106)1=3]2 (3.17)
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where vl represents the diusion volume of the molecules of species l [9].
Permeability of the porous anode is also necessary to consider the Darcy ow. Among
many ways to estimate the parameter [10], the following relationship is adopted to directly





In this formula, the porous network is considered as a group of curved channels, whose
diameters are uniform and given by eq. (3.16), and the ow inside is assumed to be a
Poiseuille ow. By comparing the Darcy's law with the Poiseuille's law, the above formula
is obtained.
3.2.3 Electrochemical reaction model
In SOFC anodes, electrochemical oxidation of hydrogen takes place at the TPB. Currently
the evaluation of the charge-transfer rate in SOFC electrodes is still an open issue. As
Gorte et al [11]. pointed out, simple Butler-Volmer equation is not always valid in SOFC
electrodes because the formula is originally derived to describe reactions that take place at
the surface of a metal electrode in electrolytic solution. Therefore, many researches were
devoted to investigate the charge-transfer rate in SOFC anodes [13{15]. Kawada et al. [16]
experimentally investigated the charge-transfer rate with a Ni-YSZ cermet anode in both
















where i0 is the exchange current density, and act is the activation overpotential. Although
the physical meaning of the symmetric factor in eq. (3.19) was not claried, it is likely
to be attributed to the elementary electrochemical reaction around the TPB, such as H2
adsorption and dissociation on the Ni surface.
In this study, eq. (3.19) for the charge-transfer model is adopted because the model was
also used in the three-dimensional numerical analysis by Shikazono et al [17]., in which the
same anode structure data obtained with the FIB-SEM was used. Therefore, the comparison
between the simulation results becomes possible.
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Activation overpotential is derived as follows:
act = E   Eeq


















where E = el   io is the electric potential dierence between the electronic and ionic
phases in the operating condition. Eeq is the electric potential dierence between the two
phases at the equilibrium, and Eeq0 is that in the standard state. P
bulk
H2
and P bulkH2O are the
partial pressures of the gas species on the anode surface. In this study, following variables
are introduced to rewrite eq. (3.20) [18]:
el = el (3.21)























By using these variables, the electric potential dierence between the two solid phases are
regarded as the sum of the activation overpotential act and the concentration overpotential
con.
The exchange current density i0 in the Buttler-Volmer-like equation (eq. (3.19)) strongly
depends on the microstructure of the anode, and is considered to have a linear dependency
on the TPB density ltpb:
i0 = i0;tpbltpb (3.25)
where i0;tpb is the exchange current per unit TPB length. In this study, the following empirical












Boundary conditions used in the calculation are summarized in Table 3.1. Gas com-
positions are constant on the anode surface to represent the supplied fuel composition. In
order to determine the anode overpotential, the electric potential in the Ni phase at the
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anode surface and that in the YSZ phase at the anode-electrolyte interface are properly
set. Also, no ux conditions are set on the anode surface for the ionic potential and on the
anode-electrolyte interface for gas components and electric potential.
3.2.5 Calculation conditions
Various microstructural parameters are necessary to determine the eective transport
coecients in (3.1), (3.2), and (3.7) and to determine the electrochemical reaction rate (3.19).
In this chapter, the microstructural parameters evaluated from the Ni:YSZ = 50:50 (PF)
anode are used. Applied values of the microstructural parameters and other computational
conditions are shown in Table 3.2. These values are basically kept constant in the following
calculations unless specied.
Table 3.1. Boundary conditions.
Parameter Surface (X = 0) Interface (X = L)






















Electric potential in YSZ dio
dx
= 0 io(L) = 0
Table 3.2. Default calculation conditions.
Parameter Symbol Value Unit
Total Pressure P bulkt 1:013 105 [Pa]
Temperature T 1000 [C]
H2 partial pressure P
bulk
H2
0:97 P bulkt [Pa]
H2O partial pressure P
bulk
H2O
0:03 P bulkt [Pa]
Ni volume fraction VNi 0.253
YSZ volume fraction VYSZ 0.251
Pore volume fraction VPore 0.496
Ni tortuosity factor Ni 6.91
YSZ tortuosity factor YSZ 8.85
Pore tortuosity factor Pore 1.74
Pore S-V ratio (S=V )Pore 4:12 106 [m2=m3]
TPB density ltpb 2:49 1012 [m=m3]
Anode thickness L 5:0 10 5 [m]
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3.3 Results and Discussion
3.3.1 Comparison between numerical results and experiment
In electrochemical cells, three voltage losses play an important role to determine the cell
performance, namely, ohmic loss, activation overpotential, and concentration overpotential.
Since the electric conductivity of the Ni phase is suciently large, the ohmic loss in the anode
layer is assumed to be negligible. On this assumption, the anode overpotential measured in
the experiment and that set in the numerical simulation as the boundary condition are both
interpreted as the sum of the activation overpotential and the concentration overpotential.
In this chapter, this overpotential is dened as the "anode overpotential" and used for the
comparison between the numerical simulation and the experiment.
Fig. 3.2 shows the typical distributions of the electric potentials and the charge-transfer
current density inside the anode in the thickness direction. The left end of the gure corre-
sponds to the anode surface while the right end (50 m) to the anode-electrolyte interface.
The calculation is conducted keeping the total anode overpotential to be 0.05 V, and the
average current density is calculated as 411.0 mA=cm2. The charge-transfer current density
itpb shows the rate of the electrochemical reaction. It can be observed that the value of itpb
is largest at the anode-electrolyte interface and sharply decreases toward the anode surface
direction. It shows that most of the electrochemical reaction occurs in the vicinity of the
anode-electrolyte interface within about 10 m. The thickness of the active reaction region
in cermet anodes is still an open issue but 10 m seems to be reasonable for an anode hav-
ing the microstructure in this study. Brown et al [20]. experimentally analyzed the active
reaction thickness in a Ni-YSZ anode with particle diameter 0.5{1 m, which is similar to
that in this study, and reported the active reaction thickness is about 10 m. Shikazono et
al [17]. conducted three-dimensional numerical simulation using the same anode structure
as that is used in this study, and reported the similar reaction thickness around 10{15 m.
Since the hydrogen supply is sucient for the electrochemical reaction in this case, the ef-
fect of concentration overpotential is limited. Note that the concentration overpotential is
graphically expressed as the gap between the black line and the blue line. The activation
overpotential, which is expressed as the gap between the blue and the red lines, becomes
large near the anode-electrolyte interface where the electrochemical reaction is prominent.
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Fig. 3.2. Charge-transfer current density and potential distributions in the default case.
Total anode overpotential is set to be 0.05 V. Average current density is 411.0 mA=cm2.
The gure shows that the activation overpotential is the major cause of the voltage loss and
it occurs in the vicinity of the anode-electrolyte interface.
Calculations are conducted under various anode overpotential and fuel gas compositions.
Fig. 3.3 compares the anode overpotentials predicted by the simulation with their exper-
imental counterparts at 1000 C under two dierent humidied conditions. The predicted
overpotentials agree fairly well with the experimental counterparts at 3% humidied con-
dition. When the steam concentration is raised to 20%, the anode overpotential decreases
in the experiment and the simulation qualitatively captures this phenomenon. However the
anode overpotential is about twice overestimated in the condition. This may be because
of the empirical relationship used for the exchange current density per unit TPB length
i0;tpb (eq. (3.26)). In the relationship, it is possible that the catalytic activity of steam is
underestimated. Another possible reason of the discrepancy is the eect of the local high
steam concentration around the TPB. In the polarized condition, electrochemical reaction
produces steam, which causes high steam concentration locally around the TPB. Such a local
inhomogeneity in the gas compositions can decrease the activation overpotential. A similar
discrepancy between the simulation and the experiment under the high steam condition is
also reported by Shikazono et al [17]. Further investigation is required to understand the
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phenomenon under the high steam concentration.
Figure 3.4 shows the eect of the operating temperature on the anode overpotential. Ex-
cept for the temperature, calculation parameters shown in Table 3.2 are used. The predicted
overpotential agrees fairly well with the experimental counterpart at 1000 C. The anode
overpotential increases as the operating temperature is decreased in the experiment. The
one-dimensional simulation can reproduce this tendency but in the low temperature condi-
tions, 900 and 800 C, it is overestimated particularly in the large current density region.
The local high steam concentration mentioned above may also be the reason of the overesti-
mation. Another possible reason is the eect of the activation energy used in the exchange
current density model (eq. (3.26)). Bieberle et al [14]. reported smaller activation energy in
the H2 oxidation on the Ni pattern electrode. Use of smaller activation energy may result
in reproducing the temperature dependency closer to the experimental results; however, the
absolute value of the exchange current density estimated from their experiment is two orders
higher than that reported by de Boer [13]. Therefore, it is still dicult to obtain reasonable
values of overpotentials in low temperature conditions.
It is wroth stressing that the simulation model proposed in this chapter includes no
adjustable parameter to t the result into the experimental result. Nevertheless the predicted
overpotentials are of the same order of magnitude as those from the experiment. Even
though further improvement is possible in the model, the outcome of this chapter expresses
the possibility of predicting the electrode performance based on the real microstructure of
the porous electrodes and nding the relationships between the electrode performance and
the microstructure.
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Fig. 3.3. Anode overpotentials in various steam concentration at 1000 C.
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Fig. 3.4. Anode overpotentials in various temperatures at 3% humidied condition.
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3.3.2 Eect of the microstructural parameters on the anode over-
potential characteristics
According to the microstructural analysis of the Ni:YSZ = 50:50 (PF) anode, the tortu-
osity factors of the Ni and YSZ phases are quite large, which inhibits the electron and ion
transport through these phases. To optimize the microstructure, the anode should be fabri-
cated so that the tortuosity factors are as small as possible. However, the tortuosity factor
depends on other microstructural parameters implicitly, hence it is dicult to decrease the
tortuosity factor of all phases at the same time. Assuming that there is no drastic change in
the microstructure, it is possible to make the Ni tortuosity factor smaller by slightly increas-
ing the volume fraction of the phase. However, this causes a decrease of the YSZ volume
faction and increases the YSZ tortuosity factor. Therefore, it is important to investigate the
dependency of the power generation performance on the various microstructural parameters
and to determine which phase should be prioritized in the optimization approach. In this
chapter, the current density is adopted as an indicator of the power generation performance.
In this simulation, the anode overpotential is set as a boundary condition; therefore, the
larger current density indicates the larger power output of the cell. Here, it is examined how
the power generation performance is aected by changing the microstructural parameters
such as the tortuosity factor, the surface-to-volume ratio, and the TPB density. Except for
the microstructural parameters that were varied for the sensitivity analysis, the calculation
is conducted with the parameters listed in Table 3.2. It is assumed that the variation of the
considered microstructural parameters have no inuence on the other parameters.
3.3.2.1 Eect of the tortuosity factor
Figure 3.5 shows the predicted current density over the tortuosity factor of each phase
ranging from 1 to 20. The anode overpotential is set to be 0.1 V. Larger tortuosity factors
indicate that the phases have much more complicated microstructure and the eective trans-
port coecients in the phases are smaller according to eqs. (3.3) and (3.14). Therefore, the
current density is expected to decrease as the tortuosity factor becomes larger. Since the
electron conductivity of the Ni phase is considerably higher than the oxide ion conductivity
in the YSZ phase and the gas diusivity in the pore phase, the eect of the Ni tortuosity
factor on the current density is almost negligible. On the other hand, the current density
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Fig. 3.5. Dependency of the current density on the tortuosity factor ranging from 1 to 20 at
the anode overpotential of 0.1 V.
has a very high sensitivity to the YSZ tortuosity factor. This implies that the oxide-ion
conduction through the YSZ phase is one of the rate-limiting processes in the SOFC an-
odes. Therefore, the rst priority in optimizing the anode microstructure is to decrease the
complexity of the YSZ phase; and hence promote the oxide-ion transport. In addition, the
dependency of the anode performance on the YSZ tortuosity factor is non-linear; more per-
formance improvement can be expected when the tortuosity factor is reduced to less than 5.
The eect of the pore tortuosity factor is limited compared with that of the YSZ tortuosity
factor because the diusivity in the pore phase is relatively higher.
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3.3.2.2 Eect of the surface-to-volume ratio
Next, the surface-to-volume ratio is varied from 10 3 to 103 m2=m3 at the anode
overpotential of 0.1 V. In the SOFC anodes, Knudsen diusion plays an important role
in mass transport because the characteristic scale of the pores is comparable to or even
smaller than the mean free path of the gas molecules. Therefore, an order analysis about
the various diusion coecients is conducted to determine which eect is dominant in the
mass transport. According to eq. (3.17), the binary diusion coecient is constant if the
temperature and total pressure are constant. On the other hand, according to eqs. (3.15)
and (3.16), the Knudsen diusion coecients depend on the surface-to-volume ratio. In the
DGM model, since k1 and k3 are interpreted as a kind of mixture diusion coecients in the
fuel gas, the variation of these coecients are investigated over the wide range of the surface-
to-volume ratio. The results are shown in Fig. 3.6(a). The Knudsen diusion coecients of
H2 (denoted as subscript 1) and H2O (denoted as subscript 2), and the binary molar diusion
coecient are shown. In the region where the surface-to-volume ratio is relatively small, the
mixture diusivity k1 and k3 are almost constant and comparable to the binary diusivity.
This is because the molecular diusion dominates the mass transport. On the other hand,
they asymptotically converge to the Knudsen diusion coecients as the surface-to-volume
ratio becomes larger. Therefore, in the situation where the surface-to-volume ratio is larger
and thus, the characteristic scale of the pores is small, the Knudsen diusion is expected to
dominate the mass transfer. It should be noted that the surface-to-volume ratio evaluated
from the sample anodes in this study are on the order of 1 m2=m3, which corresponds to
the transient region between the molecular diusion and the Knudsen diusion.
The sensitivity of the current density to the surface-to-volume ratio of the pore phase
is shown in Fig. 3.6(b). In the molecular-diusion-dominant region, the current density
is almost constant, while in the Knudsen-diusion-dominant region the value gradually de-
creases because the Knudsen diusion coecient becomes smaller in the small characteristic
scale. Generally, smaller particle size of the solid phases results in increasing the TPB den-
sity, which is preferable for the electrochemical reaction; however, it also makes the mass
transport resistance higher. It is important to consider the balance between the two opposite
eects in optimizing the electrode microstructure.
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Fig. 3.6. Variation of the diusion coecients and the current density when the the surface-
to-volume ratio varies from 10 3 to 103 m2=m3 at the anode overpotential of 0.1 V.
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3.3.2.3 Eect of the TPB density
Fig. 3.7 shows the predicted current density over the TPB density ranging from 0 to 10
m=m3 at the anode overpotential of 0.1 V. The calculation result is reasonable because
larger TPB density provides more reaction sites in the anode layer. The eect of the TPB
density on the anode performance is relatively large when the TPB density is smaller than 1
m=m3, after that the dependency is almost linear because the gas diusivity in the anode
is large enough to supply enough hydrogen to the active reaction region that is typically
located in the vicinity of the anode-electrolyte interface. Fig. 3.8 shows the distribution
of the charge-transfer current density in the thickness direction of the anode. Since the
total amount of the current generated in the anode depends on the TPB density, the local
charge-transfer current is normalized by the total current. As the TPB density increases,
not only the total amount of the current generated in the anode increases, but also there is a
slight change in the reaction region. The electrochemical reaction more preferably occurs in
the vicinity of the anode-electrolyte interface in larger TPB density, which results in thinner
active thickness. More comprehensive investigation of the active thickness will be presented
in Chapter 6.
3.3.3 Error assessment
The sensitivity analysis conducted above is also useful for the error assessment; the inu-
ence of the microstructural characterization on the simulation accuracy can be quantitatively
estimated. As discussed in Chapter 2, the quantied microstructural parameters have some
extent of errors: at most 10% in the tortuosity factors, and 3.6% in the TPB density. Ac-
cording to Fig. 3.5, an error of plus or minus 10% around the YSZ = 8:85 results in at most
5% error in the current density. According to Fig. 3.7, the 3.6% error around the ltpb = 2:49
results in at most 2% error in the current density. These errors are small enough to validate
the discussion in this chapter.
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Fig. 3.7. Dependency of the current density on the TPB density ranging from 0 to 10








































Fig. 3.8. Distribution of the normalized charge-transfer current when the TPB density is
varied from 0 to 10 m=m3 at the anode overpotential of 0.1 V.
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3.4 Conclusions
In the present chapter, one-dimensional numerical simulation of the SOFC anode is con-
ducted considering the various transport phenomena in the porous electrode, which are linked
by the electrochemical reaction at the TPB. The microstructural parameters of the porous
anode are applied to the model to evaluate the eective transport coecients and the electro-
chemical reaction rate. Numerical results are compared with the experimental counterparts
under various operating conditions to validate the proposed model. For the fundamental un-
derstanding of the eect of the microstructure on the overall anode performance, sensitivity
analysis is conducted varying the microstructural parameters, and the rate-limiting process
in the anode is identied. Main conclusions drawn in the present chapter can be stated as
follows:
1. A one-dimensional numerical simulation of the anode overpotential is successfully con-
ducted without using any structure model but with the microstructural parameters
quantied from the reconstructed three-dimensional structure. The predicted over-
potential agrees well with the experimental counterparts in the condition of the low
steam concentration (3%) and high temperature (1000 C). The eects of steam con-
centration and temperature can be qualitatively reproduced; however, the values are
overestimated in high steam concentration (20%) and low temperature (900, 800 C)
conditions. Although further improvement is possible in the model, the outcome of this
chapter linking the electrode microstructure and the performance should be stressed.
2. Among the various transport phenomena in the porous anode, the oxide-ion trans-
port through the YSZ phase is one of the rate-limiting processes because the oxide-ion
conductivity is several orders lower than the electron conductivity and the gas diu-
sivity. Therefore, the YSZ tortuosity factor has a signicant inuence on the anode
performance. Improving the transport through the phase is one of the most eective
approach to optimize the anode microstructure.
3. In a typical SOFC anode composed of particles with around 1 m diameter, the state
of the mass transport in the pore phase is in the transient region between the molecular
diusion and the Knudsen diusion. Aiming to improve the electrochemical activity
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of the anode, it is often considered eective to decrease the particle sizes for achiev-
ing higher TPB density in the anode. However, smaller particle size also results in
increasing the eect of the Knudsen diusion, which causes signicant decrease of the
eective gas diusivity. Therefore, the balance between these opposite inuences needs
to be carefully considered for the optimization of the microstructure.
4. If the gas diusivity in the anode is secured, the increase in the TPB density has a
positive inuence on the anode performance. Also, the active reaction region is aected
by the TPB density; the more reaction sites are contained in the anode, the thinner
the active thickness becomes.
5. According to the error assessment, the errors in the anode overpotential associated with
the those in the microstructural characterization are estimated at most 5%, which poses
no signicant problem on the discussion in this chapter.
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In the previous chapter, one-dimensional numerical simulation is carried out with the
microstructural parameters of the porous anode and successfully reproduces the overall elec-
trochemical performance of the anode. The one-dimensional simulation has an advantage in
computational cost, and hence, can be applied to parametric studies of the electrodes, such
as the sensitivity analysis conducted in the previous chapter. However, development of reli-
able three-dimensional numerical simulation technique using the real porous microstructure
is also required for more detailed understanding of the phenomena occurring in the complex
porous structure. For example, as suggested in Chapter 3, the steam partial pressure is pos-
sibly higher in the vicinity of the TPB because of the electrochemical oxidation of hydrogen,
which aect the kinetics of the electrochemical reaction around the TPB. Such inhomo-
geneity in the electrodes cannot be represented by the models using homogenized structure.
Moreover, morphologic change of the porous microstructure is considered to occur during
the long-term operation of SOFCs, which causes degradation in electrode/cell performance.
For example, coarsening of metal particles is an inevitable phenomenon in high-temperature
operation [1{5], which worsens the connectivity of the metal phase, resulting in making the
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TPB inactive. In order to deal with such structure changes, the use of the three-dimensional
structure for the computational domain is required.
Development of the three-dimensional simulation techniques with the real electrode mi-
crostructure has been intensively carried out since the direct observation with the FIB-SEM
became available. The lattice-Boltzmann-method-based simulation is applied to the elec-
trode simulation by the University of Tokyo group [6{8]. The LBM is considered to be
suitable for simulating complicated multiphase porous electrodes because the handling of
the boundary conditions at the phase boundaries is relatively simpler than other methods.
The volume of uid (VOF) method is employed by Imperial College London group [9, 10]
to predict the anode overpotential and they estimate the active reaction thickness in the
anode, which is important in optimizing the electrode microstructure. Application of the
commercial softwares based on the nite element method (FEM), such as COMSOL [11, 12]
and Parcell3D [13] is also found in literatures. However, improvement and validation of the
simulation techniques are still required for more reliable prediction of the performance and
durability of the porous electrodes.
The accuracy of the three-dimensional numerical simulation in SOFC electrodes basi-
cally depends on two aspects: the electrochemical reaction model and the structure model.
For the modeling of the electrochemical reaction around the TPB, many experimental ap-
proaches have been conducted focusing on the elementary electrochemical reaction on the
catalytic surface in the electrodes [14{18]. Some of the ndings were summarized into nu-
merical models, which are available for the numerical simulation [19{22]. For the structure
model, on the other hand, many porous models have been developed to mimic the com-
plex electrode microstructure [20, 23{25]. For example, the random-spherical packing model
[23, 24] assumes that the porous structure is composed of two kinds of spheres, representing
electron-conductive particles and ion-conductive particles, which are randomly distributed
in the eld. From the obtained structure, microstructural parameters such as the phase
connectivity and the TPB density can be obtained. However, these structure models require
assumptions for the structural conguration, and hence, they cannot always represent the
heterogeneous nature of the complex porous structure.
Recent advance in the three-dimensional tomography such as the FIB-SEM has been
promoting the development of the simulation techniques based on the real three-dimensional
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microstructure. In such analyses, however, the computational load often becomes a critical
issue when the obtained voxel-based structure is directly used for the numerical grid system.
The elemental image voxel in the FIB-SEM observation is usually several tens of nanometers
in size; therefore, the total number of grids tends to reach to the order of a hundred million,
which is unrealistic for the grid system considering the reasonable computational resources.
Currently, it is a common practice to resample the original voxel-based dataset to reduce
the number of calculation grid. The resampling process, however, raises a question as to
whether the resampled dataset is still a good representation of the original microstructure
because it inevitably results in the loss of the structural information that is smaller than the
calculation grid size (sub-grid-scale information).
In this chapter, the use of a sub-grid-scale (SGS) model will be proposed in order to
maintain the quality of the original structural information intact in the resampled structure
used for the calculation grid system. In the proposed SGS models, the local transport
coecients in the grids will be evaluated with the local information of the porous structure,
such as the volume fractions and the structural complexity. The eect of the SGS model on
the numerical simulation will be extensively investigated through a diusion analysis in the
porous structure, and their eect and applicability will be evaluated.
4.2 Model Concepts
In this chapter, a numerical simulation with the three-dimensional porous anodes ob-
tained with the FIB-SEM is conducted. In order to evaluate the proposed SGS models in
terms of how precisely they can maintain the structural information of the original porous
structure, an indicator is required to characterize both the original porous structure and the
resampled structure used for the calculation grid system. For this purpose, the tortuosity
factor is the most appropriate microstructural parameter because it directly represents the
complexity of the porous structure. Two dierent quantication methods are applied to the
original porous structure and the resampled structure as follows.
For the original porous structure, the random-walk-based diusion simulation (RW) is
applied. This method is specialized for evaluating the tortuosity factor from the voxel-based
structure data such as that obtained with the FIB-SEM. Since the requirement for the
67
computational resources is much smaller than that for other approaches, resampling is not
necessary. The accuracy of this method has been proved in the previous chapter. Therefore,
it can be assumed that the tortuosity factor obtained with the random-walk simulation truly
represents the structural complexity of the original porous structure. In the later discussion,
the values obtained from this simulation are used as a reference.
For the resampled structure used as the grid system, on the other hand, the diusion
simulation based on the nite volume method (FVM) aided by various SGS models is applied.
Although the in-house code used in this study is capable of conducting the overpotential
analysis by considering the electrochemical reaction at the TPB, only transport analysis is
enough to investigate the eect of the proposed SGS models. Fig. 4.1 shows the schematic
diagram of the grid generation for the FVM analysis using the SGS models. As is often
adopted in most studies, the original porous structure is resampled to have a lower spatial
resolution. The unique strategy used in this study is that the structural information inside
the grid is reected onto the resampled structure in the form of the eective transport
coecients. In the gure, the following length ratio is introduced as a parameter to generally




where Ll is the characteristic scale of the phase l evaluated with the line-intercept method,





where x, y, and z are the grid sizes in each direction. The value of Ll=Lgrid is interpreted
as the number of grids used to resolve a typical structure of a porous material, in other words,
one particle. If the grid size is smaller or Ll=Lgrid is larger, it can be expected that the grid-
scale information (resampled structure without the SGS model) represents the structural
complexity. On the other hand, if the grid size is larger or Ll=Lgrid is smaller, the proposed
SGS models need to exert their eects to maintain the sub-grid-scale information in the
resampled structure.
If the tortuosity factor obtained with the FVM-based diusion simulation is the same
as that obtained with the random-walk simulation, it can be judged that the resampled
structure reasonably maintains the quality of the original structure.
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Fig. 4.1. Schematic diagram of the grid generation for the FVM analysis using the SGS
models.
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4.3 FVM-based Diusion Simulation
In this chapter, three dierent anodes, Ni:YSZ = 70:30, 50:50, and 30:70 presented in
Chapter 2, are used for the analysis. To evaluate the structural complexity represented by
the grid system, a simple diusion simulation is conducted based on the FVM.
4.3.1 Governing equation






where 'l is an arbitrary potential, which corresponds to the electric potential or gas concen-
tration in the actual SOFC electrodes.  e;locall is the "local" transport coecient, which is
dened at each calculation grid and includes the local structural information evaluated with
the SGS models. A detailed description of the SGS models is provided in the next section.
The potential dierence is set on the two facing edge surfaces of the calculation domain and
induce ux through the calculation domain (Fig. 4.2). From the amount of the induced
ux, the eective transport coecient of the phase l,  el , in the whole calculation domain





Fig. 4.2. Schematic picture of the FVM-based diusion simulation.
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4.3.2 Sub-grid-scale model
4.3.2.1 SGS1: Volume conservation
As the simplest SGS model, the conservation of the phase volume is considered in each
grid (SGS1). Schematic picture of the model concept is shown in Fig. 4.3(a). The numbers of
voxels corresponding to the Ni, YSZ, and pore phases are separately counted and the volume
fractions are obtained, with which the local transport coecients  e;locall are evaluated in






where  bulkl is the bulk transport coecient and V
local
l is the volume fraction of the phase l
in the grid. In this study,  l corresponds to the electron conductivity in the Ni phase (el),
the oxide-ion conductivity in the YSZ phase (io), or the gas diusivities in the pore phase
(Dlm; Dl;K).
In the FVM, any transport between two neighboring grids occurs through the interface
they share. Since the local transport coecients of the two grids are generally dierent, an
averaged transport coecient between the two grids needs to be evaluated to calculate the
transport ux through the interface. Since an equally spaced grid system is used in this
study, it is evaluated as a harmonic average of the eective transport coecients of the two
neighboring grids. The following formula shows the averaged eective transport coecient












Note that the LHS of eq. (4.6) is dened at the location of i + 1=2, which corresponds to
the interface of the grid (i; j; k) and grid (i+ 1; j; k). The transport coecients at the other
interfaces are also dened with a similar formula.
Also, TPB density and pore diameter are locally evaluated in each grid. The TPB is
detected as edge lines among the Ni, YSZ, and the pore voxels, and the sum of the length is
measured in each grid. This method, however, overestimates the total TPB length because
the actual TPB has much smoother shape. Therefore, the scaling correction is applied to
match the total TPB length with that obtained from the whole anode region with the volume
expansion method. Pore diameter is evaluated with the line intercept method.
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4.3.2.2 SGS2: Interfacial connectivity
For the further improvement of the SGS model, it is required to consider the eect of the
structural complexity on the transport phenomena, especially when relatively coarse grid
system is used. In macro-scale, this eect is generally evaluated by the tortuosity factor;
however it is dicult and time-consuming to locally evaluate the tortuosity factor in every
grid. For the development of a reliable SGS model, it is important to establish a simple and
eective way to locally evaluate the structural complexity.
In the original image voxels, the structural complexity is ascribed to the connectivity of
neighboring voxels. If the phases of two neighboring voxels are the same, they are connected
and if not, the connectivity is zero. As a result of considering this on/o-type local connec-
tivity for all voxels in the dataset, the macroscopic complexity is expressed. In the SGS2, this
expression of the structural complexity is extended to the simulation grid. The dierence is
that because the simulation grid may contain multiple image voxels, the connectivity of two
neighboring grids are evaluated not with the simple on/o-type connectivity but with the
surface fraction of the conductive phase on a grid interface. This is considered as an attempt
to evaluate the structural complexity with the surface information of the grid. It is worth
noting that the complexity expression using the surface information matches to the nite
volume method, in which the transport of physical quantities between neighboring two grids
is evaluated at the interface; hence, evaluation of the eective transport coecient on each
interface is a key issue. By taking the grid connectivity into account, SGS2 is expected to
better describe the eects of structural complexity on the transport phenomena than SGS1.
The concept of the model is schematically illustrated in Fig. 4.3(b). First, eective transport
coecients in each grid are evaluated with eq. (4.5), and then the value at the interface is
evaluated by using the surface fractions of the conductive volume. Following formula shows
the averaged eective transport coecient at the interface between grid (i; j; k) and grid














where Sall is the total surface area of the grid interface and Sl is the surface area of the phase





Fig. 4.3. Schematic pictures of the sub-grid scale models. (a) SGS1 (b) SGS2.
73
4.3.2.3 SGS3: Power low with a constant power index
Before the three-dimensional observation of the porous structure became available with
the help of the FIB-SEM and the X-ray CT technologies, porous models had been used
to mimic the porous structure. In these models, the macroscopic tortuosity factor is often






where  is the Bruggeman factor, which represents the state of the tortuous conduction
pathways in the structure. A fully percolated network with a straight conduction pathway
is represented as  = 1. Since the conduction pathways inside the porous structure are
complicated and tortuous, the Bruggeman factor is over unity, and usually assumed to be
1.5{2.0 [24]. In the SGS3, the above macroscopic expression is adopted to evaluate the local






The volume fraction, V locall in eq. (4.9) is individually evaluated in each calculation grid,
while Vl in eq. (4.8) is evaluated from the whole structure. Eq. (4.9) is equivalent to the











where  locall is the local tortuosity factor modeled by the SGS3. The local transport coecient
on a grid interface is evaluated with eq. (4.6). It should be noted that the SGS3 is equivalent
to the SGS1 when the Bruggeman factor is unity.
4.3.2.4 SGS4: Power low with an adaptive power index
When the original porous structure is resampled to make a grid system, heterogeneous
nature inside the grid signicantly depends on the grid size. When the grid size is larger, each
grid can contain several solid particles so that relatively complicated transport pathways can
be created inside the grid. On the other hand, when the grid size is smaller, each grid can
contain only a part of the solid particles; hence the transport pathways inside the grid are less
complicated. Therefore, it may be preferable to vary the eect of the SGS models depending
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on the grid size used in the simulation. In the SGS4, the relationship between the grid size
and the characteristic scale of the porous structure is taken into account. In this sense, it
is reasonable to include the length ratio Ll=Lgrid into the SGS model; the Bruggeman factor
in the SGS3 is considered as the adoptive power index that depends on the ratio for further
improvement of the SGS model.













where f is a function representing the dependency of  on the length ratio. The derivation
of the function is described later.
4.4 Results and Discussion
4.4.1 Microstructural parameters
Microstructural parameters of the anode structures have been already summarized in
Chapter 2. Here, some of the parameters related to this analysis are briey reproduced.
Table 4.1 shows the sample sizes and voxel sizes of the anode samples. A region larger
than 10 m3 is successfully obtained for each anode sample. Table 4.2 shows the volume
fraction of the anode samples. The ratios of the Ni and YSZ volume fractions, which are
Ni:YSZ = 31.8:68.2, 53.5:46.5, and 69.1:30.9, respectively, are close to the intended values,
which indicates the observed region is large enough to be representative of the whole anode
structure. Table 4.3 shows the anisotropic tortuosity factors quantied with the random-
walk simulation. Since some of the phases have no percolating cluster in a specic direction,
tortuosity factors cannot be evaluated. In the following discussion, the tortuosity factors
in Z direction are used as the reference values. Table 4.4 shows the average particle/pore
sizes measured by the line intercept method. These particle/pore diameters are used as the
characteristic scale of the porous component, Ll.
4.4.2 Grid system
Table 4.5 shows the information of the grid systems used in the numerical analysis. The
grid size Lgrid and the length ratio Ll=Lgrid is also shown. The eect of the grid size can
be clearly presented in Fig. 4.4 that shows the distributions of the Ni volume fraction of
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Table 4.1. Sample sizes and voxel sizes.
Sample size [m] Voxel size [nm]
Sample X Y Z X Y Z
Ni:YSZ = 70:30 18.0 13.2 10.5 30.0 30.0 52.3
Ni:YSZ = 50:50 18.1 9.72 9.97 34.7 34.7 62.3
Ni:YSZ = 30:70 18.8 11.6 10.1 36.2 36.2 42.2
Table 4.2. Volume fractions [%].
Sample Ni YSZ Pore Ni:YSZ
Ni:YSZ = 70:30 42.3 18.9 38.8 69.1:30.9
Ni:YSZ = 50:50 34.2 29.7 36.1 53.5:46.5
Ni:YSZ = 30:70 23.6 50.6 25.8 31.8:68.2
Table 4.3. Anisotropic tortuosity factors.
Ni YSZ Pore
Sample X Y Z X Y Z X Y Z
Ni:YSZ = 70:30 2.79 2.41 1.85 { { 14.1 3.26 2.71 2.27
Ni:YSZ = 50:50 4.91 3.43 3.79 7.93 5.63 5.39 3.48 3.04 2.64
Ni:YSZ = 30:70 { 78.3 { 1.71 1.57 2.57 6.17 3.92 10.8
Table 4.4. Average particle/pore sizes [m].
Sample Ni YSZ Pore
Ni:YSZ = 70:30 2.55 1.11 2.19
Ni:YSZ = 50:50 1.60 1.16 1.32
Ni:YSZ = 30:70 1.34 1.74 1.39
the Ni:YSZ = 50:50 anode in Grid 1 and Grid 5. The grid size of Grid 1 is comparable to
the characteristic scale of the original porous structure. As shown in Fig. 4.4(a), Grid 1
no more maintains the details of the original structure. On the other hand, Grid 5 clearly
represents the porous network in the original structure (Fig. 4.4(b)). The portion of the
grids containing more than two phases is small but they tend to exist at the important
locations: the boundaries of dierent phases. Note that the grid size of Grid 5 is comparable
to that used in the three-dimensional simulation by Shikazono et al. [6]
In order to show one aspect of the relationships between the grid and the original mi-
crostructure, the volume fractions of the Ni:YSZ = 50:50 anode are shown as histograms
in Fig. 4.5. When the volume fraction Vl is unity, the grid is fully occupied by the phase
of interest. When the phase of interest is not included in the grid, the volume fraction is
zero. In the extreme case where the original image voxel is used as the calculation grid, Vl
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is either unity or zero in every grid. As shown in Table 4.5, the grids used in the present
calculation are always larger than the original image voxel. As the grid size becomes larger,
two or more phases tend to be included in one grid and the portion of Vl = 0 or 1 decreases.
Moreover, in the case of Grid 1, which is the coarsest grid in this study, the distributions
seem to have peaks, and the peak values are close to the values of the global microstructural
parameters quantied in Chapter 2. The proposed SGS models are required to exert their
eect especially in the coarser grid cases, where one grid includes two or more phases.
Table 4.5. Grid information.
(a) Ni:YSZ = 70:30
Size [m] Lgrid [m] Ll=Lgrid
Grid X Y Z Ni YSZ Pore
Grid 1 1.200 1.200 1.045 1.146 2.23 0.97 1.91
Grid 2 0.600 0.600 0.523 0.573 4.45 1.94 3.82
Grid 3 0.300 0.300 0.261 0.287 8.90 3.87 7.64
Grid 4 0.150 0.150 0.105 0.133 19.18 8.35 16.47
Grid 5 0.060 0.060 0.052 0.057 44.50 19.37 38.22
(b) Ni:YSZ = 50:50
Size [m] Lgrid [m] Ll=Lgrid
Grid X Y Z Ni YSZ Pore
Grid 1 1.388 1.388 1.246 1.339 1.40 1.01 1.16
Grid 2 0.694 0.694 0.623 0.670 2.79 2.02 2.31
Grid 3 0.347 0.347 0.312 0.335 5.59 4.03 4.63
Grid 4 0.174 0.174 0.125 0.155 12.03 8.69 9.97
Grid 5 0.069 0.069 0.062 0.067 27.93 20.16 23.15
(c) Ni:YSZ = 30:70
Size [m] Lgrid [m] Ll=Lgrid
Grid X Y Z Ni YSZ Pore
Grid 1 1.449 1.449 1.689 1.525 0.88 1.14 0.91
Grid 2 0.725 0.725 0.844 0.763 1.76 2.28 1.82
Grid 3 0.362 0.362 0.422 0.381 3.51 4.56 3.65
Grid 4 0.181 0.181 0.211 0.191 7.03 9.13 7.29















































































































































































Fig. 4.6 shows the tortuosity factors obtained by the FVM-based diusion simulation
with the SGS1, 2, and 3. The tortuosity factors are normalized with the reference values
obtained with the random-walk simulation. The length ratio Ll=Lgrid is used for the hori-
zontal axis to generally represent the grid size used in the simulation. In every SGS model,
the tortuosity factors converge to unity as the grid size becomes smaller. This indicates that
the eect of the structural complexity evaluated with the SGS models becomes smaller with
ner grids and that the original porous structure can be represented simply by the volume
fractions. In the case of coarser grids, on the other hand, only the volume conservation is
not enough; hence, the sub-grid-scale information associated with the structural complexity
signicantly contributes to the representation of the original structure. However, since the
method of evaluating the sub-grid-scale information is dierent among the SGS models, the
trends of SGS=RW are signicantly dierent.
First, in the SGS1, the values of SGS=RW monotonically increase to unity as the grid size
becomes smaller. However, the tortuosity factors are signicantly underestimated in the case
of the coarser grids, indicating that only volume conservation is not enough to represent the
original porous structure inside the grid. It is required to evaluate higher-order quantities
associated with the heterogeneous nature of the porous structure for more sophisticated SGS
model.
Second, in the SGS2, the local structural complexity is evaluated with the surface infor-
mation of the grids. This approach results in drastic changes in the trends of SGS=RW. The
values of SGS=RW approach unity even in the case of the coarser grids. However, the extent
of the eect is dierent from phase to phase. For example, in the case of the YSZ phase of
the Ni:YSZ = 30:70 anode, the tortuosity factors are reasonably evaluated over a wide range
of grid sizes. On the other hand, in the case of the YSZ phase of the Ni:YSZ = 70:30 anode,
the value is signicantly overestimated in the intermediate grid size region (Ll=Lgrid ' 5).
These unsystematic behaviors of the SGS2 implies that the relationships between the surface
information and the inner information are not straightforward; therefore, the SGS2 may not
always be valid in a wide variety of porous structures.
Third, in the SGS3, the structural complexity inside a grid is evaluated by the volume
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fraction and the Bruggeman factor , whose value is set 1.2, 1.5, or 1.8 in this study. This
approach is to employ the macroscopic expression used in the conventional porous models
(eq. (4.8)) on the evaluation of the local tortuosity factor (eq. (4.9)). When the value of
 is small, the structural complexity is still underestimated in the case of coarser grids; the
trends observed in the graph are similar to those in the SGS1. However, simply increasing
the value of  is not an eective solution; the structural complexity tends to be overestimated
in the case of the intermediate grids if a larger  is applied. It is found to be dicult to
properly represent the structural complexity over a wide range of grid sizes with a constant
value of .
The SGS1, 2, and 3 discussed above show positive contributions to maintain the structural
information in the resampled structure used as the calculation grid system. However, they
are not always valid in a wide range of grid sizes; underestimation or overestimation is often
observed. This is because the same formula is applied to all grid sizes. The heterogeneous
nature inside the grids signicantly varies with the grid sizes so that a tuning parameter
is required to vary the eect of the SGS model depending on the grid size. This is the
motivation to consider the Bruggeman factor  as an adaptive power index in the SGS4.
In the SGS4, the local tortuosity factors are estimated with an adaptive power index 
that depends on the ratio between the characteristic length Ll and the grid size Lgrid. In
order to determine the dependency of  on the length ratio Ll=Lgrid, the Bruggeman factor
 is considered as a tting parameter; an appropriate value of  is determined with which
the macroscopic structural complexity is properly evaluated, in other words, the value of
SGS=RW becomes unity. Fig. 4.7 shows the appropriate value of  for each phase versus the
length ratio Ll=Lgrid. The calculation is conducted in all the phases in all the samples except
the Ni phase of the Ni:YSZ = 30:70 anode. Although there is some extent of deviation, the
graph reveals an apparent trend. When the value of Ll=Lgrid is large enough or the grid
size is small enough,  converges to unity. This indicates that the structural information
of the porous anode is represented simply by considering the volume conservation and that
it is not necessary to rely on the sub-grid-scale information associated with the structural
complexity when conducting the transport analysis. On the other hand, when the value of
Ll=Lgrid becomes smaller or the grid size becomes larger,  tends to steeply increase up to
around 2.5.
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These results gives us an important criterion in making a calculation grid system for the
simulation in porous electrodes. If the characteristic length of the porous structure (e.g.
particle/pore diameter) is resoluted with more than 15 grids, the structural information
of the porous electrodes can be represented by the grid-scale information. Otherwise, the
SGS model needs to be applied to the resampled structure to maintain the quality of the
structural information. In the anode overpotential analysis, where it is necessary to consider
the transport in the three phases at the same time, the allowable maximum grid size without
the SGS model is determined by the structure that has the smallest characteristic scale. For
the Ni:YSZ = 70:30, 50:50, and 30:70 anodes used in this study, the grid size needs to be
smaller than 74, 77, and 89 nm, respectively. However, it is not always possible to use such
small grid sizes considering reasonable computational resources so that the aid of the SGS
model is signicantly important.
Considering the value of the Bruggeman factor must be larger than unity, the obtained
values of  is tted on the following exponential decay function.






where A is a pre-exponential factor and  is a decay constant. The solid line in Fig. 4.7 is
the tting curve, where A = 1:44 and  = 0:246. The mean square deviation is 0.832. It
is worth noting the structure data used in the tting: the volume fraction of the phase is
from 18.9 to 50.6%, which covers structures both over and below the percolation threshold
of ordinary porous materials. The particle/pore size is from 1.11 to 2.55 m, which is typical
for SOFC electrode materials.
Fig. 4.8 shows the comparison of the eects among the various SGS models. All values
of SGS=RW obtained in all the phases of all the samples are shown in the graph. The SGS4
successfully makes the SGS=RW much closer to unity than the other models. Structural
complexity in the case of coarser grids is more accurately represented than the SGS1, and
the overshoot observed in the SGS2 is moderated. Although the SGS4 does not give perfect
values for SGS=RW in all the cases, signicant improvement is achieved. The attempt to
include the length ratio Ll=Lgrid in the SGS model has a positive contribution to developing
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Fig. 4.6. (a) Tortuosity factors obtained by the FVM-based diusion simulation normalized
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Fig. 4.6. (b) Tortuosity factors obtained by the FVM-based diusion simulation normalized
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Fig. 4.6. (c) Tortuosity factors obtained by the FVM-based diusion simulation normalized
by the reference tortuosity factors obtained by the random-walk simulation. Ni:YSZ = 30:70
anode.
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Fig. 4.8. Comparison of the three types of SGS models.
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4.4.4 Computation time
The computation time required to obtain the convergent solutions with the SGS4 is
shown in Fig. 4.9. All computation times are measured when using a single core of Xeon
W3690 processor. It clearly shows the eectiveness of the SGS model. As discussed in Fig.
4.7, the typical structure of porous materials needs to be resoluted with more than 15 grids
when SGS models are not applied. On the other hand, the required number of grids can
be reduced to about 10 if the SGS4 is applied as shown in Fig. 4.8. This makes it possible
to reduce the computation time by almost one-tenth. If a coarser grid can be used in the
electrode simulation without losing accuracy, the electrode simulation can be combined with




























Sub-grid-scale model used for the three-dimensional numerical analysis in the SOFC
electrodes is developed. The main function of the SGS model is to maintain the quality
of the voxel-based structural information in a resampled structure used as the calculation
grid system by considering a structure with a characteristic scale that is smaller than the
grid size. Improvement of the simulation accuracy and reduction of the computation load
can be expected with the SGS models. In the present chapter, four types of SGS models
are investigated to clarify their eect and applicability. They are featured by (1) volume
conservation, (2) interfacial connectivity, (3) power law with a constant power index, and
(4) power law with an adaptive power index, respectively. The validity of the proposed SGS
models are investigated through the diusion simulation. Main conclusions drawn in the
present chapter can be stated as follows:
1. The volume conservation (SGS1) is not enough to represent the structural information
in the grids. In order to maintain the accuracy of the numerical simulation, character-
istic scale of porous materials needs to be resoluted with more than 15 grids. However,
it may result in increasing computation load.
2. Use of the surface information on the grid interface (SGS2) or the constant power
low (SGS3) has a positive contribution to maintain the structural information in the
grids by evaluating the local tortuosity factor. However, their availabilities are not
assured in wide range of grid sizes, resulting in underestimation or overestimation of
the structural complexity.
3. By using the ratio between the grid size and the characteristic scale of the porous
structure for an adoptive power index (SGS4), the structural complexity in the grids is
successfully evaluated in wide range of grid sizes. The SGS4 exerts its eect preferably
in accordance with the grid size.
4. The computation time is signicantly reduced by applying the SGS4 with keeping
the simulation accuracy. An accurate and eective SGS model can promote a exible
application of the numerical technique to the analysis in porous materials.
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Eect of Composition of Ni-YSZ
Anode on Distribution of
Three-Phase Boundary and Power
Generation Performance
5.1 Introduction
For the conventional Ni-YSZ cermet anode, composition ratio between the Ni and YSZ
phases is the primary control parameter that determines the fundamental microstructural
characteristics of the anodes [1{3]. Therefore, it is essentially important to clarify the eect
of the ratio on other microstructural parameters and on the overall anode performance. The
anode performance mainly depends on the two aspects of the porous structure: the TPB
density and the phase connectivity. The electrochemical reaction inside the Ni-YSZ anode is
considered to occur around the TPB; therefore, the anodes are expected to contain as much
TPB as possible to provide abundant reaction site. At the same time, for the sucient
transport of chemical species to and from the TPB, contiguous pathways of the Ni, YSZ,
and pore phases must be secured; the lack of any one of these pathways results in making
the TPB inactive.
Reaction region is also a major subject of interest in optimizing the electrode microstruc-
ture [4{6]. In the case of anode supported SOFC cells, the anodes often consist of two layers
with dierent microstructure: the function layer and the support layer. The function layer
is fabricated just on the electrolyte and made with relatively small particles to have larger
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TPB density. On the other hand, the support layer has larger porosity for sucient gas
diusion through the layer. Generally, the support layer occupies most part of the anode
and the thickness of the function layer is at most several tens of microns. This is because the
reaction in the anode is considered to occur in the vicinity of the anode-electrolyte interface,
which is sometimes called active reaction region or active thickness. However, the active
thickness signicantly changes depending on the anode microstructure as well as operating
conditions.
In the present chapter, the electrochemical characteristics of the Ni-YSZ cermet anodes
with three dierent compositions, Ni:YSZ = 70:30, 50:50, and 30:70 vol.%, will be experi-
mentally evaluated. Next, the three-dimensional microstructure of the porous anodes will
be observed with the FIB-SEM and quantitatively analyzed. The phase connectivity of the
porous components and the distribution of the eective TPB will be investigated as essential
parameters to explain the relationships between the anode microstructure and the electro-
chemical performance. Finally, a numerical simulation of the anode overpotential using the
obtained three-dimensional microstructure will be conducted and the internal states of the
anodes will be investigated, such as the distribution of the charge-transfer current.
5.2 Experiment
The electrochemical characteristics of the Ni-YSZ anodes are experimentally evaluated.
The Ni:YSZ = 70:30, 50:50, and 30:70 presented in Chapter 2 are used. The three-dimensional
microstructure of the examined anodes are obtained with the FIB-SEM and various mi-
crostructural parameters are quantied. Details of the electrochemical characterization and
the three-dimensional observation are also presented in Chapter 2.
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5.3 Numerical Model
Numerical simulation of the anode polarization characteristics are carried out with the
three-dimensional porous structure obtained with the FIB-SEM. The simulation is based on
the nite volume method (FVM) with a structured hexahedral grid system.
5.3.1 Calculation domain
Schematic picture of the calculation domain is shown in Fig. 5.1. The whole anode
structure obtained with the FIB-SEM is mirror-symmetrically extended twice in the X
direction to equivalently attain the real anode thickness. The conservation of electrons in
the Ni phase, oxide ions in the YSZ phase, and gas species in the pore phase are considered
and linked by the electrochemical oxidation of hydrogen at the TPB. Temperature and total
gas pressure are assumed to be constant and uniform over the whole anode region.
Fig. 5.1. Schematic picture of the calculation domain.
5.3.2 Governing equations
Governing equations presented in Chapter 2 are used in this chapter. For the evaluation
of the eective transport coecient in each calculation grid, the SGS model proposed in
Chapter 4 is used. The grid size used in this study is around 150  200 nm, which indicates
the characteristic scale of the porous anodes is resoluted with more than 7 grids.
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5.3.3 Boundary conditions
Boundary conditions set on the anode surface and the anode-electrolyte interface are
shown in Table 5.1. Gas compositions are constant on the anode surface to represent the
supplied fuel composition. In order to determine the anode overpotential, the electric poten-
tial in the Ni phase at the anode surface and that in the YSZ phase at the anode-electrolyte
interface are properly set. Boundary conditions on the other surfaces (X-Y and X-Z sur-
faces) are the no-ux condition for all variables.
Table 5.1. Boundary conditions.
Variables Surface (X = 0) Interface (X = L)
















Electric potential in YSZ dio
dx
(0) = 0 io(L) = 0
5.3.4 Calculation conditions
Calculation conditions are shown in Table 5.2. Unlike the case of the one-dimensional
simulation with the microstructural parameters, the structural information is represented by
the grid system itself with the aid of the SGS models; therefore, there is no need to apply
the quantied microstructural parameters to the grids.
Table 5.2. Default calculation conditions.
Parameter Symbol Value Unit
Total Pressure P bulkt 1:013 105 [Pa]
Temperature T 1000 [C]
H2 partial pressure P
bulk
H2
0:97 P bulkt [Pa]
H2O partial pressure P
bulk
H2O
0:03 P bulkt [Pa]
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5.4 Results and Discussion
5.4.1 Anode performance
Figure 5.2 shows the electrochemical characteristics of the anodes examined in this study.
Fig. 5.2(c) shows the overpotential characteristics that are obtained by substituting the
ohmic loss from the total anode overpotential measured as the voltage drop from the open-
circuit voltage in Fig. 5.2(a). The ohmic resistances are obtained from the high-frequency
intercept of the impedance characteristics in Fig. 5.2(b). This substituting process is aiming
to eliminate the voltage loss attributed to the ionic conduction through the YSZ electrolyte.
However, as will be discussed later, the overpotential of the Ni:YSZ = 30:70 anode includes
non-negligible ohmic resistance inside the anode. Therefore, the ohmic resistance of the
Ni:YSZ = 50:50 anode is used instead.
Fig. 5.2 clearly shows lower performance of the Ni:YSZ = 30:70 anode compared with
the others. This is mainly attributed to the high ohmic resistance of the anode. On the
other hand, there is only a small dierence between the characteristics of the Ni:YSZ =
50:50 anode and that of the Ni:YSZ = 70:30 anode even though they are expected to have
dierent porous microstructure. The slight dierence can be attributed to the dierence of
the polarization resistance, which is estimated from the size of the impedance arc.
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Fig. 5.2. Anode electrochemical performance (Anode-Reference). (a) I-V characteristics. (b)
Impedance characteristics. (c) Overpotential characteristics. (1000 C, H2 : H2O = 97:3)
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5.4.2 Microstructural parameters
Microstructural parameters of the anode structures have been already shown in Chap-
ter 2. Here, some of the parameters related to the discussion in this chapter are briey
reproduced.
Table 5.3 shows the sample sizes and voxel sizes of the anode samples. The region larger
than 10 m3 is successfully obtained for each anode sample. Table 5.4 shows the volume
fraction of the anode samples. The ratios of the Ni and YSZ volume fractions, which are
Ni:YSZ = 31.8:68.2, 53.5:46.5, and 69.1:30.9, respectively, are close to the intended values,
which indicates the observed region is large enough to be representative of the whole anode
structure. Table 5.5 shows the percolation probabilities of the anodes. The Ni:YSZ = 30:70
and 70:30 anodes lack in the percolation of the Ni and YSZ phase, respectively, which is
because of the low volume fraction of the phases.
Table 5.3. Sample sizes and voxel sizes.
Sample size [m] Voxel size [nm]
Sample X Y Z X Y Z
Ni:YSZ = 70:30 18.0 13.2 10.5 30.0 30.0 52.3
Ni:YSZ = 50:50 18.1 9.72 9.97 34.7 34.7 62.3
Ni:YSZ = 30:70 18.8 11.6 10.1 36.2 36.2 42.2
Table 5.4. Volume fractions [%].
Sample Ni YSZ Pore Ni:YSZ
Ni:YSZ = 70:30 42.3 18.9 38.8 69.1:30.9
Ni:YSZ = 50:50 34.2 29.7 36.1 53.5:46.5
Ni:YSZ = 30:70 23.6 50.6 25.8 31.8:68.2
Table 5.5. Percolation probability.
Ni YSZ Pore
Sample X Y Z X Y Z X Y Z
Ni:YSZ = 70:30 0.988 0.988 0.988 0.000 0.681 0.681 0.997 0.997 0.997
Ni:YSZ = 50:50 0.987 0.987 0.987 0.961 0.961 0.961 0.886 0.996 0.996
Ni:YSZ = 30:70 0.000 0.155 0.000 1.000 1.000 1.000 1.000 0.986 0.986
TPB density of the anodes are shown in the center column of Table 5.6. Although slight
dierence is observed, it can not explain the signicant dierence in the anode performance.
The TPB density in the Ni:YSZ = 30:70 anode is slightly lower than that of the Ni:YSZ =
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Table 5.6. TPB density. [m=m3]
Sample Total Eective
Ni:YSZ = 70:30 1.77 0.700
Ni:YSZ = 50:50 2.00 1.53
Ni:YSZ = 30:70 1.81 0.610
50:50 anode; however, the dierence is too small to make the overpotential more than double.
Moreover, it is even larger than that of the Ni:YSZ = 70:30 anode, which is inconsistent with
the order of the overpotentials. Therefore, in order to carry on the discussion, the "eective"
TPB is extracted from the total TPB. It is assumed that there is a current collector on the
X = 0 plane and an anode-electrolyte interface on the opposite side, and the TPB that is
connected to the current collector with the Ni phase and also to the interface with the YSZ
phase is extracted. The Ni or YSZ phases connected with only sidewalls (X-Y and X-Z
planes) are regarded as unconnected in this study. Results are shown in the right column of
Table 5.6. In the Ni:YSZ = 70:30 and Ni:YSZ = 30:70 anodes, considerable part of the TPB
are judged as inactive since the connectivity of the Ni or YSZ phase is limited. However, it
still can not explain why the anode performance of only the Ni:YSZ = 30:70 anode is worse
than the other samples.
For the further investigation, the distribution of the eective TPB is investigated in the
observed region, which is shown in Fig. 5.3. Also for the quantitative analysis, Fig. 5.4
shows the distribution of the volume fractions and the eective TPB density in the thickness
direction of the anode. The electrochemical reaction in the Ni-YSZ anode is reported to be
active in the vicinity of the anode-electrolyte interface because the YSZ phase has higher
transport resistance for oxide ion transport compared with the other resistances associated
with the electron and gaseous transport. However, this is only valid when the transport
pathways of each phase to and from the TPB is secured. In the case of the Ni:YSZ = 30:70
anode, the Ni phase lacks the connectivity because of its low volume fraction. Therefore, the
transport pathways of the Ni phase from the current collector to the vicinity of the anode-
electrolyte interface is hardly created, which shifts the eective TPB far from the interface.
In such a case, the ionic transport pathways through the YSZ phase needs to become longer,
which causes high ohmic loss. This is the reason why the overpotential of the Ni:YSZ =
30:70 anode is remarkably higher than the others. On the other hand, the Ni:YSZ = 70:30
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anode has sucient eective TPB near the interface with the amount that is comparable to
that of the Ni:YSZ = 50:50 anode. This is the reason why the performance of the Ni:YSZ
= 70:30 anode is similar to that of the Ni:YSZ = 50:50 anode.
From the above discussion, it is concluded that the amount of the total TPB is inappro-
priate for the correlative analysis between the electrode performance and the microstructure;
instead, the amount and distribution of the eective TPB is signicantly important to ex-
plain the anode performance; sucient amount of the eective TPB should be distributed
near the anode-electrolyte interface to provide reaction sites for the electrochemical reaction.
Fig. 5.3. Distribution of the eective three-phase boundary.
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Fig. 5.4. Distribution of the volume fractions and the eective TPB density in the thickness
direction of the anode. Ni:YSZ = (a) 70:30, (b) 50:50, and (c) 30:70.
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5.4.3 Numerical simulation
Figure 5.5 shows the comparison of the anode overpotential between the numerical sim-
ulation and the experiment. The trend of the overpotential obtained in the experiment is
qualitatively reproduced by the simulation; the overpotential of the Ni:YSZ = 30:70 anode
is about twice as large as that of the Ni:YSZ = 50:50 anode, and the Ni:YSZ = 70:30 anode
shows similar but slightly higher overpotential than that of the Ni:YSZ = 50:50 anode. It
can be concluded that the numerical model used in this study has enough sensitivity to the
structural dierence of the porous structure. The discrepancy between the numerical simu-
lation and the experiment can be attributed to the electrochemical reaction kinetics model
described by eqs. (3.19){(3.26) shown in Chapter 3. More sophisticated electrochemical
model such as those considering elementary chemical reactions around the TPB is required
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Fig. 5.5. Comparison of the anode overpotential. T = 1000 C, H2 : H2O = 97:3.
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To analyze the active reaction region in the Ni-YSZ anodes, the distribution of the eec-
tive TPB and the charge-transfer current density are investigated in the thickness direction
of the anode (Fig. 5.6). In the case of the Ni:YSZ = 30:70 anode, the reaction region lo-
cates more than 20 m away from the anode-electrolyte interface because of the lack of the
eective TPB in the region. On the other hand, in the case of the Ni:YSZ = 50:50 and 70:30
anodes, there is sucient amount of the eective TPB around the interface so that the peak
charge-transfer current is located just on the interface. If the thickness of the active reaction
region is dened as the region from the anode-electrolyte interface where 90% of the total
electrochemical reaction takes place, the thicknesses are 14.2, 15.6, and 33.8 m for Ni:YSZ
= 70:30, 50:50, and 30:70 anodes, respectively.
Generally, larger volume fraction in a porous structure is preferable for sucient transport
through the phase. However, it is of course impossible to achieve high volume fraction in
all phases of porous components. If the volume fraction of the Ni phase is larger, the YSZ
phase becomes more complex and is likely to have larger isolated part. On the other hand,
if the volume fraction of the YSZ is larger, connectivity of the Ni phase becomes poorer and
the eective TPB cannot exist in the vicinity of the anode-electrolyte interface as discussed
above. Considering that the oxide-ion conductivity of the YSZ phase is much lower than the
electron conductivity of the Ni phase, the YSZ volume fraction should be larger to reduce
the ohmic resistance in the phase. At the same time, the transport pathways of the electrons
should be secured from the current collector to the vicinity of the anode-electrolyte interface.
This should be the primary concern for optimizing the anode microstructure. As the next
step, in order to maximize the amount of the eective TPB density, the volume fractions
and particle sizes of the two phases should be modied particularly in the function layer in
anode supported cells. The appropriate thickness of the function layer is found to be about
15 m in the condition of H2 : H2O = 97:3 at 1000
C. However, since the porous structure is
reported to change over long-time operation, the microstructure should be fabricated so that
it can minimize the structure change along the time. Further optimizing policy for achieving
the anode with higher performance and longer durability should be discussed along with the
detailed understanding of the degradation mechanism.
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Fig. 5.6. One-dimensional distribution of the charge-transfer current and the eective TPB
density. Ni:YSZ = (a) 70:30, (b) 50:50, and (c) 30:70.
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5.5 Conclusions
Ni-YSZ composite anodes of SOFCs with three dierent compositions are examined and
compared through the electrochemical measurement, microstructural analysis, and numerical
simulation. Porous microstructure of the examined anodes is directly observed with the FIB-
SEM and used for the three-dimensional simulation with the aid of the SGS models proposed
in Chapter 4. Main conclusions drawn in the present chapter can be stated as follows:
1. The Ni:YSZ = 30:70 anode shows signicantly lower performance than the other anodes
because of the higher ohmic resistance. This is attributed to the longer conduction
pathways of the oxide ions through the anode. The low Ni volume contents inhibits
the eective pathways for the electrons from the anode surface (current collector) to
the vicinity of the anode-electrolyte interface, as a result, the oxide ions are required
to be transported far away from the interface for the electrochemical reaction.
2. The Ni:YSZ = 70:30 anode shows similar performance to that of the Ni:YSZ = 50:50
anode even though they are expected to have dierent porous structure. This is because
the sucient amount of the eective TPB is distributed around the anode-electrolyte
interface in both anodes. Although the connectivity of the YSZ phase in the Ni:YSZ =
70:30 anode is poor, it is enough to secure the oxide-ion transport from the electrolyte
to the TPB located close to the anode-electrolyte interface.
3. The amount and distribution of the eective TPB is essentially important to explain
the anode performance, instead of the commonly-used total TPB density. This ad-
dresses the importance of obtaining the three-dimensional structure in analyzing the
relationships between the electrode microstructure and the performance because the
connectivity of the porous components, which are necessary for extracting the eective
TPB, are only available through the three-dimensional analysis.
4. The three-dimensional numerical simulation of the anode overpotential using the ob-
tained porous structure qualitatively reproduces the experimental results. Since the
precision of the transport analysis in the porous structure is fairly assured by using the
SGS model, the discrepancy between the numerical prediction and the experimental
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results can be attributed to the electrochemical reaction model adopted in this study.
Further improvement is required to achieve more reliable simulation model.
5. Combined with the distribution of the charge-transfer current density and the eective
TPB, the simple optimizing policy for the Ni-YSZ anode is proposed.
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Prediction of Active Thickness in
SOFC Anode with Characteristic
Length of Oxide-Ion Conduction
6.1 Introduction
Among the various microstructural parameters, the TPB density is one of the most
important parameters that directly aects the electrode performance. The more TPB is
distributed in the electrodes, the better performance can be expected. However, it has been
widely accepted that the distribution of the electrochemical reaction in porous electrodes is
non-uniform and it mainly occurs in the vicinity of the electrode-electrolyte interface. In
other words, only limited segment of the TPB is active for the electrochemical reaction.
This is because the oxide-ion conductivity in the electrode is usually several orders smaller
than the electron conductivity and gas diusivity. The electrochemically active region in the
electrodes is often called active reaction region or active thickness.
When the electrode thickness is thinner than the active thickness, the electrode perfor-
mance can be improved by increasing the electrode thickness. On the other hand, if the
electrode thickness is much thicker than the active thickness, the electrode performance may
decrease because of the increase of the mass transport resistance in the pore phase. There-
fore, the precise information about the active thickness is necessary in designing electrodes
with optimum thickness. Although many researches have been devoted to investigate the
active thickness in SOFC electrodes. the values reported in the literatures have signicant
variation. Table 6.1 summarizes the reported values.
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In experimental approaches, many electrodes with dierent thicknesses were fabricated
and their electrochemical performance was characterized by the current-voltage measurement
and the electrochemical impedance spectroscopy (EIS). As increasing the electrode thickness,
electrode performance generally improves when the electrode is relatively thin, then it reaches
constant. The thickness at which the performance reaches the plateau is considered as the
active thickness. Juhl et al. [1] examined LSM/YSZ cathode fabricated from powders with
around 1 m in size. The active thickness was evaluated from the area specic resistance
of the cathode and was determined around 4{10 m. It became signicantly thinner as
the temperature was increased. Primdahl et al. [2] examined a Ni-YSZ anode fabricated
from powders with around 0.4 m size. The active thickness was evaluated from the area
specic resistance and was no more than 20 m at 1000 C. However, measurement in
thinner electrode (less than 10 m) could not be conducted because of the diculty in the
current collection. Successive investigation was conducted by Brown et al. [3] with the same
experimental conguration, and the active thickness was determined as about 10 m at 1000
C. They mentioned the thickness was related to the conductivity of the YSZ network. Kong
et al. [4] examined with a multilayer Ni-YSZ anode in which the particle sizes were 0.53 and
1.42 m for NiO and YSZ, respectively. The active thickness obtained from the current-
voltage characteristics was about 40{50 m. Moon et al. [5] fabricated a Ni-YSZ anode with
a function layer of various thicknesses and found the optimal thickness of the layer to be 20
m at 600{700 C. The optimal thickness for the function layer can be directly linked with
the active thickness. Chen et al. [6] also attempted to optimize the thickness of the function
layer of a Ni-YSZ anode and found that the anode with a function layer with 5 m thickness
exhibited the highest performance at 800 C. The active thickness obtained through the
experimental approaches widely varies from 5 to 50 m, which may be attributed to the
dierence in the microstructure of the examined electrodes and in the operating conditions
such as temperature.
There are also many numerical approaches to investigate the active thickness. Sunde et al.
[7] applied random-resistor network model to represent the complex conduction pathways in
the porous electrode, and investigated the active thickness. Varying the electrode thickness
from 1 to 100 m, the inverse of the area-specic polarization resistance was obtained, from
which the active thickness was determined as 30{40 m. Chan et al. [8] conducted one-
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dimensional numerical simulation for the Ni-YSZ anode with the microstructure that was
considered homogeneous and represented by eective parameters such as volume fractions
and tortuosity factors. These values were based on the random-spherical packing model.
The active thickness in their study was 50, 100, and 160 m for particle size of 0.2, 0.4, and
0.5 m, respectively, at 1000 C. They suggested that the thicker anode was required for
the anode with coarser structure to provide sucient reaction site. Yuan et al. [9] examined
the LSCF/SDC cathode in anode-supported cell. The electrode structure was homogenized
and represented by the eective conductivity and diusivity, which were evaluated also with
the random-spherical packing model. The active thickness was about 20 m according to
the distribution of the charge-transfer current. The cell temperature was 500 C, which
was relatively lower than those in other researches. Cai et al. [10] applied the volume of
uid (VOF) method to the Ni-YSZ anode with the structure that was made with three-
dimensional Monte Carlo packing of spherical particles. The active thickness was about
5{15 m. They also found that the active thickness was a function of the overpotential and
the particle size. These numerical approaches mentioned above more or less depends on the
structure models; therefore, the transport properties and electrochemical reaction rate may
be dierent from those of real electrodes. This can be the reason why many dierent values
of the active thickness were reported.
Recently the FIB-SEM technique is used to directly observe the three-dimensional mi-
crostructure of the porous electrode, which provides us the detailed information of the
complex porous congurations. The numerical techniques using the real three-dimensional
structure have been also developed so that the simulation without porous model is realized.
Shikazono et al. [11] applied the Lattice Boltzmann method (LBM) for a Ni-YSZ anode
and analyzed the distribution of the charge-transfer current. They found that the active
thickness was around 10{15 m at 1000 C. Matsuzaki et al. [12] also employed the same
approach for the LSCF cathode and found the active thickness was around 10{20 m at
700{800 C. The active thickness became thicker if the cell temperature was higher and the
oxygen concentration in gas phase was lower.
The approaches based on the three-dimensional structure obtained with the FIB-SEM ob-
servation give us more reliable values for the active thickness. However, it is time-consuming
and requires high computation load to obtain a convergent solution for the simulation. Al-
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though many researches suggest that the active thickness is a function of various operating
conditions and the microstructure of the electrodes, it is dicult to conduct a systematic
investigation to analyze the eect of various factors on the active thickness.
In Chapter 3, the one-dimensional numerical simulation with the homogenized porous
structure of the Ni-YSZ anode is conducted. The anode structure was represented by mi-
crostructural parameters that were quantied from the FIB-SEM reconstructed structure.
The obtained active thickness was about 10{15 m, which was close to that obtained from the
three-dimensional analysis. Therefore, it can be fairly concluded that the one-dimensional
numerical analysis based on the homogenized structure is enough to investigate the active
thickness if appropriate microstructural parameters are applied.
In the present chapter, a one-dimensional numerical simulation is conducted to evaluate
the active thickness in the Ni-YSZ anode. Eect of the microstructural parameters and
the operating conditions is systematically investigated. For the prediction of the active
thickness, a parameter is newly introduced by taking the ratio between the eective oxide-
ion conductivity and the electrochemical reaction rate.
Table 6.1. Active thickness in the literatures.
Thickness Material Comment Ref.
Exp.
Juhl et al. 10 m LSM/YSZ 700{1000 C [1]
Primdahl et al. 20 m Ni-YSZ 1000 C [2]
Brown et al. 10 m Ni-YSZ 1000 C [3]
Kong et al. 40{50 m Ni-YSZ [4]
Moon et al. 20 m Ni-YSZ 600{700 C [5]
Chen et al. 5 m Ni-YSZ 800 C [6]
Sim.
Sunde et al. 30{40 m Ni-YSZ Random register [7]
Chan et al. 50, 100, 160 m Ni-YSZ 1D, Homogenious [8]
Yuan et al. 20 m LSCF/SDC 2D, Homogenious [9]
Cai et al. 5{15 m Ni-YSZ 3D, Monte Carlo [10]
Shikazono et al. 10{15 m Ni-YSZ 3D, FIB-SEM [11]
Matsuzaki et al. 10{20 m LSCF 3D, FIB-SEM [12]
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6.2 Numerical Model
The one-dimensional numerical model proposed in Chapter 3 is employed in this chap-
ter. Conservations of electrons, oxide ions, and gas species are considered and linked by the
electrochemical reaction at the TPB. The microstructural parameters are applied to the cal-
culation grids to evaluate the eective transport coecients and the electrochemical reaction
rate.
6.2.1 Calculation conditions
The calculation conditions used in this chapter are summarized in Table 6.2. These
parameters are used as constants unless specied.
Table 6.2. Default calculation conditions.
Parameter Symbol Value Unit
Total pressure P bulkt 1:013 105 [Pa]
Temperature T 800, 1000 [C]
H2 partial pressure P
bulk
H2
P bulkt  0:97 [Pa]
H2O partial pressure P
bulk
H2O
P bulkt  0:03 [Pa]
Ni volume fraction VNi 0.30
YSZ volume fraction VYSZ 0.30
Pore volume fraction VPore 0.40
Ni tortuosity factor Ni 4.0
YSZ tortuosity factor YSZ 4.0
Pore tortuosity factor Pore 2.0
Pore S-V ratio (S=V )Pore 4:0 106 [m2=m3]
TPB density ltpb 2:0 1012 [m=m3]
Area-specic current density i 50, 500 [mA=cm2]
Anode thickness L 50 [m]
6.2.2 Factors inuencing on the active thickness
In this chapter, a sensitivity analysis is conducted to investigate the eect of various
operating conditions and microstructural parameters of the Ni-YSZ anode on the active
thickness. For the ecient analysis, the independent factors that have an inuence on the
active thickness need to be determined. Since the performance of the electrodes depends on
various factors such as overpotential, temperature, microstructure, and gas compositions,
















Since the transport of electrons and gaseous species is much faster than that of oxide ions, the
eect of the microstructural parameters VNi=Ni and VPore=Pore can be assumed negligible.
Moreover, since the eects of the TPB density and the gas partial pressures are only on
the exchange current density (eqs. (3.25) and (3.26)), the eect of the partial pressures is









For the detailed understandings of the several voltage losses in the anodes, the following
averaged values are introduced in this chapter [14]. Local overpotentials are averaged with





























6.3 Active Thickness and Characteristic Length
6.3.1 Active thickness
In this chapter, the active thickness lreac is dened as the thickness of the region from
the anode-electrolyte interface where 90% of the total electrochemical reaction takes place






6.3.2 Characteristic length of the oxide-ion conduction
In this study, the active thickness in the anodes is assumed to be mainly determined
by the two factors: oxide-ion conductivity and the electrochemical reaction rate. When the
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Fig. 6.1. Denition of the active thickness in the SOFC anode.
oxide-ion conductivity is larger, the oxide ion can be transported further from the anode-
electrolyte interface, resulting in thicker active thickness. On the other hand, when the
electrochemical reaction rate is larger, the supplied oxide ions from the YSZ electrolyte is
immediately consumed around the anode-electrolyte interface, resulting in thinner active
thickness. The balance between the two factors is essentially important to estimate the
active thickness in the anodes. Therefore, by taking the ratio between the two factors, the








where i is the area-specic current density and t is the anode overpotential. In this study,
the lio is named as the characteristic length of the oxide-ion conduction, and the relation-
ships between the active thickness and the characteristic length is investigated through the
numerical simulation.
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6.4 Results and Discussion
6.4.1 Eect of the current density
For the fundamental understanding of the active thickness, the eect of the area-specic
current density on the active thickness is investigated. Fig. 6.2 shows the (a) anode over-
potential, (b) active thickness and characteristic length, (c) voltage losses at 800 C, and
(d) voltage losses at 1000 C. The voltage losses are expressed in percentage to make the
comparison easier among dierent temperature conditions.
The anode overpotential linearly depends on the current density at 1000 C, while it is
non-linear at 800 C. This tendency was also found in Chapter 3. The trends of the active
thickness and the characteristic length also depend on the temperature; they signicantly
decrease at 800 C as the current density increases, while they are almost constant at 1000
C.
The ratio of the voltage losses in Fig. 6.2 (c) and (d) also shows interesting trends. At
1000 C, the anode overpotential is divided almost equally between the activation loss and
the ohmic loss associated with the oxide-ion conduction. On the other hand, at 800 C, the
activation loss becomes prominent in high current density region. This indicates the balance
between the charge-transfer resistance and the ohmic resistance is not constant but depends
on the current density or overpotential. The reason of this phenomena will be discussed
later. The contribution of the ohmic loss associated with the electron conduction is assumed
to be negligible in this analysis, therefore, the word of "ohmic loss" is used hereinafter for
that associated with the oxide-ion conduction. The contribution of the concentration loss is
negligible at 800 C but increases up to 8% at 1000 C. This is because the activation and
ohmic losses become smaller at higher temperature, while the concentration loss becomes
larger according to its denition (eq.(3.24)). Note that there is no signicant dierence in
the distribution of the gas composition in the anode between 800 C and 1000 C conditions.
As indicated in the Fig 6.2 (d), when the current density increases in higher temperature,
the amount of both the oxide-ion transport through the YSZ phase and the electrochemical
reaction per unit TPB increase, keeping the ratio of the voltage losses unchanged. However,
the balance between the two factors is lost when the anode overpotential becomes larger
than approximately 0.1 V. This is because the charge-transfer resistance associated with the
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Butler-Volmer equation is not constant but depends on the anode overpotential in higher
overpotential region. At 1000 C, the local activation overpotential in the vicinity of the
anode-electrolyte interface is at most 0.05 V, which indicates the exponent in the Butler-
Volmer equation, F=RT , is on the order of 0.1. In this situation, the Butler-Volmer equation































Therefore the charge-transfer resistance =i is constant. On the other hand, at 800 C, the
local activation overpotential in the vicinity of the anode-electrolyte interface can reach to
0.20 V, hence, the exponent F=RT becomes on the order of 1. In this situation, the higher
order terms in the series expansion of the Butler-Volmer equation cannot be neglected,
subsequently, the charge-transfer resistance depends on the activation overpotential. The
charge-transfer resistance becomes smaller in higher overpotential region, while the transport
resistance of the oxide ions is always independent of the overpotential. The discrepancy in
the change rate of the two resistances breaks the balance between the activation loss and the
ohmic loss. Due to the smaller charge-transfer resistance in the high overpotential region,
the electrochemical reaction preferably occurs rather than the oxide-ion conduction, making
the active thickness thinner. This is the reason why the active thickness becomes thinner
when the anode overpotential is large.
Similar discussion can be done for the characteristic length. As shown in the Fig. 6.2 (a),
the anode overpotential characteristics is non-linear at 800 C, therefore, the value of i=t
becomes larger as the current density increases. This results in shortening the characteristic
length. On the other hand, since the overpotential characteristics is almost linear at 1000


























































































































































































































































































6.4.2 Eect of the tortuosity factor of the YSZ phase
In order to investigate the eect of the oxide-ion conductivity on the active thickness,
the tortuosity factor of the YSZ phase is varied from 1 to 20. In actual electrodes, it is
almost impossible to change only the tortuosity factor of the YSZ phase with keeping other
microstructural parameters unchanged, such as volume fractions and particle diameters.
However, the objective of this analysis is to investigate the eect of the oxide-ion conduc-
tivity through the anode structure; varying the value of the tortuosity factor is just one of
the possible numerical procedures. The change of the conductivity can be also associated
with using other electrode materials such as gadolinia-doped ceria (GDC) instead of YSZ.
Moreover, the structural change in the YSZ phase caused by long-term operation of SOFCs,
such as sintering and cracking, can be represented by the change of the tortuosity factor.
Fig. 6.3 shows the eect of the YSZ tortuosity factor on the (a) anode overpotential, (b)
characteristic length and active thickness, (c) voltage losses at 50 mA=cm2, and (d) voltage
losses at 500 mA=cm2 at 800 C. Fig. 6.4 shows those at 1000 C.
As the tortuosity factor becomes larger, the eective oxide-ion conductivity decreases,
which results in larger anode overpotential. At the same time, the active thickness becomes
thinner. The characteristic length also becomes shorter, which indicates the amount of
decrease in the eective ion conductivity is larger than the increase in the overpotential.
The eect of the tortuosity factor is larger when the value is smaller than about 5; similar
behavior was observed in the sensitivity analysis conducted in Chapter 3 (Fig. 3.5).
At 1000 C, the anode overpotential is almost equally divided between the activation
loss and the ohmic loss regardless of the current density. On the other hand, at 800 C,
the activation loss becomes prominent especially at higher current density. This phenomena
can also be explained by the non-linearity of the Butler-Volmer equation as discussed in the
previous section. The anode overpotential at 800 C with 500 mA=cm2 load is more than
0.1 V, where the charge-transfer resistance strongly depends on the overpotential. In this
situation, the electrochemical reaction preferably occurs rather rather than the oxide-ion
conduction, resulting in thinner active thickness. In the other cases, the overpotential is at


































































































































































































































































































































































































































































































































































6.4.3 Eect of the TPB density
Next, the TPB density of the anode is varied from 0.1 to 4.0 m=m3 to investigate
the eect of the electrochemical reaction rate on the active thickness. This investigation
can be interpreted as an attempt varying the exchange current density i0 in the Butler-
Volmer equation because the TPB density is only included in the equation. Therefore, the
eect of other factors that are related only with the exchange current density, such as the
gas partial pressures, can be deduced from the results shown below. Change of the TPB
density, decrease in particular, can also be attributed to the morphologic change of the
porous microstructure, such as those caused by sintering and poisoning; the results can be
used to predict how the active thickness varies when the TPB density changes during the
long-term operation of SOFCs.
Fig. 6.5 shows the eect of the TPB density on the (a) anode overpotential, (b) charac-
teristic length and active thickness, (c) voltage losses at 50 mA=cm2, and (d) voltage losses
at 500 mA=cm2 at 800 C. Fig. 6.6 shows those at 1000 C.
As the TPB density increases, the anode overpotential decreases on the constant current
condition. Since larger TPB density indicates sucient reaction site in the vicinity of the
anode-electrolyte interface, the active thickness decreases as the TPB density becomes larger.
The eect of the TPB density on the active thickness is prominent when the value is smaller
than about 1 m=m3. In other word, the active thickness becomes signicantly thicker
when the TPB density decreases below 1 m=m3. This may become a critical issue when
the TPB density decreases due to the morphologic change during the operation.
At 800 C with 500 mA=cm2 load, the anode overpotential is over 0.15 V, where the
non-linearity of the Butler-Volmer equation appears. The contribution of the activation loss
becomes larger in the voltage loss and the active thickness becomes signicantly thinner. In
the other conditions, the overpotentials are mostly on the order of 0.01 V except at lower
TPB density region (ltpb < 1m=m
3) so that the anode overpotential is equivalently shared
between the activation loss and the ohmic loss.









































































































































































































































































































































































































































































































































































6.4.4 Eect of the temperature
Finally, the anode temperature is varied from 700 to 1100 C to investigate the eect of the
temperature on the active thickness. Both the oxide-ion conductivity and the electrochemical
reaction rate change in this analysis.
Fig. 6.7 shows the eect of the temperature on the (a) anode overpotential, (b) charac-
teristic length and active thickness, (c) voltage losses at 50 mA=cm2, and (d) voltage losses
at 500 mA=cm2.
As the temperature increases, both the oxide-ion conductivity and the electrochemical
reaction rate are improved, which signicantly lowers the anode overpotential. The eect of
these two factors on the active thickness is opposite from each other: expanding eect by
larger oxide-ion conductivity, and shrinking eect by higher electrochemical reaction rate.
The balance between the two eects determines the active thickness.
When the current density is 50 mA=cm2, the total anode overpotential is divided almost
equally between the activation loss and the ohmic loss. The active thickness decreases as
the temperature increases. However, in the range of temperature from 700 to 800 C, the
activation overpotential reaches about 0.1 V, which slightly shifts the balance of the voltage
losses to the activation loss, making the active thickness thinner. On the other hand, when
the current density is 500 mA=cm2, the overpotential is more than 0.1 V below 900 C. This
emphasizes the non-linearity of the Butler-Volmer equation, resulting in more electrochemical
reaction in the vicinity of the anode-electrolyte interface. Consequently, the activation loss






























































































































































































































































































6.4.5 Relationships between the active thickness and the charac-
teristic length
Fig. 6.8 shows the relationships between the active thickness and the characteristic
length. The active thickness is found to have a linear dependency on the characteristic length.
Moreover, the lines are almost at the same position regardless of the varied parameters.
Although the active thickness depends on various factors, its tendency can be ordered using
the characteristic length introduced in this chapter. The deviation from the linear line in
the region of large characteristic length is attributed to the fact that the anode thickness is
50 m.
The regression line of the data points over 0 < lio < 15 is as follows:
l90 = 2:27lio + 0:466 (6.10)
where the mean square deviation is 0.983.
This result indicates the possibility that the characteristic length can be used as a design-
ing parameter of SOFC electrodes, with which to predict and control the active thickness in
the electrodes.






















Characteristic length [ m]
Fig. 6.8. Relationships between the active thickness and the characteristic length.
127
6.5 Conclusions
One-dimensional numerical simulation with the homogenized porous structure model is
conducted to estimate the active thickness in the Ni-YSZ anode. Eect of the microstructure
and the operating conditions is systematically investigated. The characteristic length of
the oxide-ion conduction is introduced by taking the ratio between the two major factors
determining the active thickness: the eective oxide-ion conductivity and the electrochemical
reaction rate. Main conclusions drawn in the present chapter can be stated as follows:
1. The behavior of the active thickness strongly depends on the anode overpotential. If
the anode overpotential is smaller than about 0.1 V, where the Butler-Volmer equation
can be approximated by a linear function, the charge-transfer resistance and the ion-
conduction resistance is independent of the overpotential. In this situation, the total
anode overpotential is divided almost equally between the activation loss and the ohmic
loss associated with the oxide-ion conduction.
2. If the anode overpotential is larger than about 0.1 V, the non-linearity of the Butler-
Volmer equation appears; the charge-transfer resistance becomes smaller as the over-
potential becomes larger. In this situation, the electrochemical reaction preferably
occur rather than the oxide-ion conduction, shifting the balance of the voltage losses
to the activation loss, subsequently, the active thickness becomes signicantly thinner.
Higher anode overpotential can be caused by various operating conditions and mi-
crostructural parameters: high current load, high tortuosity factor of the YSZ phase,
low TPB density, and low temperature.
3. Under the anode overpotential smaller than 0.1 V, the behavior of the active thickness
is as follows. (a) Smaller tortuosity factor of the YSZ phase makes the active thickness
thicker because the oxide ion can be transported further from the anode-electrolyte
interface. This eect is prominent when the tortuosity factor is less than 5. (b) Larger
TPB density makes the active thickness thinner because the oxide ions supplied from
the electrolyte can be immediately consumed at the TPB in the vicinity of the anode-
electrolyte interface. This eect is prominent when the TPB density is less than 1
m=m3. (c) Larger temperature makes the active thickness signicantly thinner .
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4. The active thickness is found to have a linear dependency on the characteristic length;
therefore, the characteristic length is possibly used for designing parameter in the
fabrication process of SOFC electrodes.
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In Chapter 2, three-dimensional observation and the following image processing and
quantication techniques were developed and employed to the Ni-YSZ anodes of SOFCs.
The three-dimensional microstructure of the porous anodes were directly observed with the
dual-beam FIB-SEM technique. Then the quantication techniques were developed to char-
acterize the porous microstructure. The anodes with four dierent compositions were ex-
amined and the fundamental understandings of the complex nature of the porous anode
were obtained. The structure size available for the quantitative analysis was more than 10
m3. Use of the low acceleration voltage of the electron beam (1-2 kV) and the in-lens sec-
ondary electron detector provided the clear contrast between the three phases. Inltration
with epoxy resin was eective to eliminate the background eect from the cross-sectional
images. The volume fraction, percolation probability, tortuosity factor, and particle/pore
size were obtained with in-house C-language-based program, while the TPB density and the
surface information were quantied using the commercial image processing software Avizo.
Error analysis was conducted for the quantication of the tortuosity factor and the TPB
density and showed the number of voxels required to resolute the characteristic structure
of the porous anode: 20 for the tortuosity factor and 10 for the TPB density. Analysis on
the anodes with four dierent compositions provided fundamental insights on the composite
anode microstructure. For example, low volume fraction with large particle size of a phase
resulted in sparse distribution of the phase, making the connectivity worse. On the other
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hand, low volume fraction with small particle size of a phase resulted in complex porous
conguration even though the phase was spatially well-connected. Tortuosity factor, which
was important to consider various transport phenomena in porous materials, was aected
by other microstructural parameters such as percolation probability and surface-to-volume
ratio.
In Chapter 3, one-dimensional numerical simulation of the SOFC anode was conducted
considering the various transport phenomena in the porous electrode, which were linked
by the electrochemical reaction at the TPB. The microstructural parameters of the porous
anode quantied in Chapter 2 were applied to the model to evaluate the eective trans-
port coecients and the electrochemical reaction rate. Numerical results were compared
with the experimental counterparts under various operating conditions to validate the pro-
posed model. For the fundamental understanding of the eects of the microstructure on the
overall anode performance, sensitivity analysis was conducted varying the microstructural
parameters, and the rate-limiting process in the anode was identied.
In Chapter 4, sub-grid-scale models used for the three-dimensional numerical analysis in
SOFC electrodes were developed. The main function of the SGS model was to maintain the
quality of the voxel-based structural information in a resampled structure used as calculation
grid systems by considering the structure with a characteristic scale that is smaller than the
grid size. Improvement of the simulation accuracy and reduction of the computation load
can be expected with the SGS models. Four types of SGS models were developed and their
eect and applicability were investigated. They were featured by (1) volume conservation,
(2) interfacial connectivity, (3) power law with a constant power index, and (4) power law
with an adaptive power index, respectively. The validity of the proposed SGS models were
investigated through the diusion simulation. By introducing the ratio between the grid size
and the characteristic scale of the porous structure as an adoptive power index (SGS4), the
structural complexity in the grids was successfully evaluated in wide range of grid sizes. The
SGS4 exerted its eect preferably in accordance with the grid size.
In Chapter 5, Ni-YSZ composite anodes with three dierent compositions were examined
and compared through the electrochemical measurement, microstructural analysis, and nu-
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merical simulation. The porous microstructure of the examined anodes was directly observed
using the FIB-SEM, and used for the microstructural investigation and the three-dimensional
simulation with the aid of the SGS models developed in Chapter 4. It was found that the
amount and distribution of the eective TPB was essentially important to explain the anode
performance, instead of the commonly-used total TPB density. The Ni:YSZ = 30:70 anode
showed signicantly lower performance because of the higher ohmic resistance compared with
the others. This was because the low Ni volume content caused poor Ni connectivity, which
shifted the eective TPB far away from the anode-electrolyte interface. On the other hand,
the Ni:YSZ = 70:30 anode showed similar performance to that of the Ni:YSZ = 50:50 anode,
even though they were expected to have dierent porous structure. This was because the suf-
cient amount of the eective TPB was distributed around the anode-electrolyte interface in
the both anodes. Although the connectivity of the YSZ phase in the Ni:YSZ = 70:30 anode
was poor, it was enough to secure the oxide-ion transport from the electrolyte to the TPB
located close to the anode-electrolyte interface. The three-dimensional numerical simulation
of the anode overpotential using the obtained porous structure qualitatively reproduced the
experimental results. Combined with the distribution of the charge-transfer current and the
eective TPB, the simple optimizing policy for the Ni-YSZ anode was proposed.
In Chapter 6, one-dimensional numerical simulation with homogenized porous structure
model was conducted to evaluate the active thickness in the Ni-YSZ anode. Eect of the mi-
crostructure and the operating conditions was systematically investigated. The non-linearity
of the Butler-Volmer equation used for the electrochemical reaction model had a signicant
inuence on the behavior of the active thickness when the anode overpotential is over 0.1
V. The characteristic length of the oxide-ion conduction was newly introduced by taking
the ratio between the two major factors determining the active thickness: the eective ion
conductivity and the electrochemical reaction rate. The active thickness was found to have a
linear dependency on the characteristic length; therefore, the characteristic length is possibly
used for a designing parameter in the fabrication process of SOFC electrodes.
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7.2 Suggestions for future works
In this thesis, numerical model that considers the various transport phenomena and the
electrochemical reaction in the anode is proposed and applied to the investigation of the
states of the anode, from which several optimization policies for the porous microstructure
are proposed. However, in order to improve the accuracy and to expand the applicability
of the model, various physical and chemical processes with much wider scale need to be
considered.
The use of the SGS models can make it possible to precisely predict the transport phe-
nomena inside the complex porous materials. However, the electrochemical reaction model
used in this study has more to be improved. As discussed in Chapter 3, the model is not
able to predict the experimental results of the anode overpotentials under high humidied or
low temperature conditions. This can be attributed to the fact that the model simplied the
electrochemical reaction around the TPB to the overall reaction. In reality, the electrochem-
ical reaction in the anodes consists of a group of various elementary heterogeneous reactions
such as the adsorption of the gas molecules on the solid surface, dissociation to atoms, charge
transfer, and desorption from the solid surface; the overall reaction model assumes that one
of the elementary reactions is rate-limiting the whole reaction. However, the rate-limiting
process may depend on the operating conditions such as temperature and gas compositions.
Therefore, for the accurate evaluation of the electrochemical reaction rate, it is essentially
important to consider the elementary chemical reactions at the atom/molecule scale.
At the same time, the calculation domain is required to be expanded to the milli-scale
order so that it can represent the distribution of the cell temperature and gas compositions
along the cells. In the practical operation of the SOFCs, hydrocarbons are often used for
the fuel as well as hydrogen. In such a case, a lot more chemical and physical processes get
involved in the phenomena in the cells, such as steam reforming of hydrocarbons, electro-
chemical oxidation of hydrogen and carbon mono-oxide, and the cooling eect by the air
ow. These phenomena makes the states of the cells signicantly complicated, and often
results in uneven distributions of the cell temperature and the gas compositions, which has
a negative impact on the stable operation of SOFCs. For example, solid carbon formation in
the anodes is quite sensitive to the fuel compositions; more carbon may form if steam con-
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tent is lower. Since the steam is consumed through the steam reforming of methane, which
mainly occurs on the upstream of the cells, carbon may preferably form on the downstream
of the cells. The carbon deposited in the anode blocks the TPB and inhibits the diusion
through the pore phase, decreasing the anode performance. Such phenomena can only be
predicted through the cell-scale analysis.
Therefore, the multi-scale modeling of the SOFC electrodes/cells is strongly required
for improving the simulation accuracy and expanding its applicabilities; the linkage between
atom/molecular-scale chemical reactions, micro-scale transport in porous material, and milli-
scale distributions on the cells needs to be emphasized. Cooperation between wide variety of
scientic elds such as material, (electro)chemistry, and mechanical engineering is essentially





dh hydraulic diameter m
dp mean pore diameter m
Dlm molecular diusion coecient m
2 s 1
DK Knudsen diusion coecient m
2 s 1
E electric potential V
F Faraday constant C mol 1
i area-specic current density A m 2
itpb charge-transfer current density A m
 3
i0 exchange current density per unit volume A m
 3
i0;tpb exchange current density per unit TPB length A m
 1
k1, k2, k3, k4 mixture diusion coecient m
2 s 1
K permeability m2
lio characteristic scale of oxide-ion conduction m
lreac active thickness m
ltpb TPB density m m
 3
L anode thickness (Chapter 3, 5, 6) m
characteristic scale (Chapte 4) m
Lgrid average grid size (Chapter 4) m
M molecular weight kg
N molar ux mol m 2 s 1




hr2i mean square displacement m2
R gas constant J mol 1 K 1
S surface area m2







  general transport coecient
x, y, z grid size m
 overpotential V
 decay constant
 viscosity Pa s
 conductivity S m 1
v diusion volume m3
 tortuosity factor
















bulk bulk material or bulk uid
e eective value in porous media
eq equilibrium
local local value dened at a grid
V volumetric
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